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CESIUM ION-ATOM TOTAL COLLISION PROBABILITY MEASUREMENTS fl 

I n t  r o  duc t ion 

I n  o rde r  t o  obta.in an i n s i g h t  i n t o  the mecha.nism respons ib le  f o r  t h e  production 
of  t h e  non-equilibrium ioniza. t ion which e x i s t s  i n  t h e  neu t r a , l i za t ion  pla.sma. o f  
a.rc-mode thermionic conver te rs ,  the  l o s s  rake of ions  from t h e  pla.sma. must be 
a.ccura.tely known. I n  d i f fus ion  domina.ted pla.sma.s, t h e  l o s s  ra. te of ions i s  determined 
by t h e i r  mob i l i t y .  Prelimina.ry measurements of t h e  to ta .1  c o l l i s i o n  c ros s  sec t ion  of  
cesium ions  i n t e r a c t i n g  with cesium a,toms ha.ve been ma.de over  t h e  energy ra.nge of  
0 .12  t o  9.7 eV using a. modified Ramsa.uer experiment under Contra.ct NASr-112. The 
present  inves t iga , t ions  a.re extensions of t h i s  work t o  ene rg ie s  below 0.12 e V  which 
i s  t h e  energy range of most i n t e r e s t  i n  the ana. lysis  of t he  neutra . l iza , t ion pla.sma. 
tha.t  e x i s t s  i n  t h e  conver te r .  Knowledge o f  t h e  cesium ion  mobi l i ty  provides  an 
i n s i g h t  not  only i n t o  t h e  lo s s  ra. te of i o n s  from t h e  plasma. but  a l s o  of t h e  poss ib l e  
energy t r a n s f e r  mechanisms from the  pla.srna. t o  t h e  e m i t t e r  sur face  which can ca.use a. 
s i g n i f i c a n t  change i n  t h e  emitter surfa.ce work func t ion .  

Ext rapola t ions  of high-energy charge exchange informa.tion repor ted  i n  t h e  
l i t e r a t u r e  t o  t h e  energy range of i n t e r e s t  i n  t h e  conver te r  ha.ve been ma.de by 
Sheldon These extra.pola,t ions,  which ha.ve included a.pproxima.tions t o  a.ccount f o r  
p o k r i z a t i o n  e f f e c t s  a.t energ ies  below 1 . 0  e V ,  va.ry by a s  much 8,s an o rde r  of magni- 
tude .  The lowest energy at which charge exchange c ross  sec t ions  ha.ve been measured 
us ing  beam techniques i s  6.0 e Y  ( R e f .  2). 
a.ppa.ra.tus employed i n  these  charge exchange mea.surements, no co r rec t ion  f o r  conta.ct 
po ten t ia .1  e f f e c t s  could be ma.de i n  these  inves t iga , t ions .  Therefore , t h e  repor ted  
cha,rge excha.nge cross-sect . ion informa.tion a.t an energy of 6 .0  e V  can be i n  se r ious  
e r r o r  due t o  a l a r g e  unce r t a in ty  i n  the  determina.tion of t h e  energy of t h e  ion  beam. 
Other a.ttempts ha.ve been ma.de t o  determine cesium ion  m o b i l i t i e s  by  observing t h e  
deca.y ra , te  o f  t h e  a.fterglow of a. cesium p l a . ~ m a . . ~ , ~  I n  t h e s e  mea.surements no a.ttempt 
was ma.de t o  determine t h e  na.ture of t he  ion energy d i s t r i b u t i o n  and i n  some cases ,  
t h e  dominant i o n i c  spec ies  e x i s t i n g  i n  the pla.sma. wa.s no t  i d e n t i f i e d .  I n  t h e  p re sen t  
e.xperiment., which uses  a. modified Ramsa.uer beam technique, conta.ct po ten t i a , l  e f f e c t s  
ha.ve been e l imina ted  from t,he measurement by employing a.n e lectroformed c o l l i s i o n  
:ha.nber. The energy, a.s w e l l  a s  t h e  species  of t h e  ion  beam in te ra .c t ing  with t h e  
cesium a.toms i n  t h e  co l l i s i .on  chamber, ha.s been p o s i t i v e l y  i d e n t i f i e d  by ma.ss spec t ro-  
m e t r i c .  t echniques ,  The one 1imita . t ion of t h i s  mea,surement has been tha.t t,he c ros s  
s e c t i o n  determined by these  techniques i s  a. qua.si to ta .1  c o l l i s i o n  c ross  sec t ion  which 
i s  dependent on t h e  resolut , ion of t he  system. However, completely cla.ssica.1 techni -  
ques ha.ve been successfu l ly  used t o  ana.lyze t h e  to ta .1  co l . l i s ion  c ross -sec t ion  informa..- 
t i o n  t?o det,ermine t h e  ma.gnitude of t h e  cha.rge excha.nge con t r ibu t ion  These techniques 
a r e  <i;r,lined, i n  det,a.il i n  Appendix I, which i s  a r e p r i n t  of t h e  paper presented 
a.t t h e  iEEE Thermionic Converter Specia . l is t  Conference, i n  Cleveland, Ohio, on 
October 26 t o  28, 1964. 
s e c t i o n  informa.tion has  pointed out i s  the importance of  determining ion m o b i l i t i e s  

Due t o  t h e  na,ture of t h e  experimental  

One o t h e r  essent ia .1  fea . ture  tha.t t h i s  ana.lysis of t h e  c ros s -  
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by in tegra . t ing  t h e  d i f fus ion  c ross  sect ion over  t h e  ion  energy d i s t r i b u t i o n  ra . ther  
than using a. value of t he  d i f fus ion  cross  sec t ion  which corresponds t o  t h e  tempera,- 
t u r e  of t h e  ion  energy d i s t r i b u t i o n  t o  determine ion mob i l i t y .  

7 

Descript ion of t he  Experiment 

ijelow an ion  energy v f  severa.1 e l ec t ron  volts, beam techniques a.re s e r ious ly  
l i m i t e d  by u n c e r h i n t i e s  i n  t h e  determina,tion of t he  ion beam energy due t o  conta.ct 
p o t e n t i a l  effects  which a r e  pa r t i cu la , r ly  s i g n i f i c a n t  i n  cesium environments. I n  
t h e  mea.surement of t h e  to ta .1  c o l l i s i o n  cross  sec t ion  of cesium ions  in te ra .c t ing  
with cesium a.toms conducted i n  a, modified Ramsa.uer beam experiment, t he  problem of 
contac t  p o t e n t i a l  effects  was e l imina ted  by employing an electroformed c o l l i s i o n  
chamber. Shown i n  F ig .  1 of Appendix I i s  a. schema.tic dia.gram of t h e  system. 
Three p o i n t s  of r e s t r a . i n t ,  def ined by the entrance and e x i t  s l i t s  a.nd t h e  necked- 
down por t ion  of t he  c o l l i s i o n  chamber, uniquely def ine the  ra.dius of a, c i r c l e .  A 
ma.gnetic f i e l d  a.pplied p e r p e n d i c u h r  t o  the plane of t h e  f i g u r e  i s  used t o  energy 
s e l e c t  ions  produced by conta.ct processes at the  porous tungs ten  camp. Re-entrant 
t ype  geometry w a s  employed a.t bo th  t h e  exit  and en t rance  s l i t s  of t h e  c o l l i s i o n  
chamber t o  prevent per turba. t ions of t h e  e l e c t r i c  f i e l d  within t h e  chamber produced 
by f i e l d s  i n  o t h e r  p a r t s  of t h e  apparatus .  By electroforming t h e  c o l l i s i o n  chamber 
of copper, meta l  i n t e r f a c e s  which can give r i s e  t o  poss ib l e  conta.ct potent ia .1  or 
thermoelec t r ic  e f f e c t s  were e l imina ted  from t h e  inne r  surfa.ce of  t h e  chamber. The 
gra.in s i z e  of t h e  copper pla.te on t h e  inner  sur face  of  t h e  chamber wa.s con t ro l l ed  
so  tha.t  t h e  a.vera.ge gra.in diameter was on t h e  o rde r  of  severa.1 microns.  Therefore,  
e l e c t r i c  f i e l d s  produced by inhomogenities i n  the  sur face  s t r u c t u r e  do not  penetra . te  
i n t o  t h e  chamber over dimensions s i g n i f i m n t l y  grea. ter  than  severa.1 microns, where- 
a.s t h e  l eng th  sca.le of t h e  chamber i s  on the  order  of mill imeters.  The c o l l i s i o n  
chamber wa.s 1oca.ted i n  an i so thermal  block t o  elimina.te poss ib l e  thermoelec t r ic  
e f f e c t s  produced by tempemture va.ria.tions . Therefore ,  by using these  techniques,  
a. f i e l d - f r e e  region w a s  c r ea t ed  i n s i d e  the c o l l i s i o n  chamber. The energy of t h e  
ion  beam e x i t i n g  t h e  c o l l i s i o n  chamber was uniquely determined b y  mea.suring t h e  
ma.gnitude of t h e  a,pplied ma.gnetic f i e l d  and knowing t h e  ra.dius of  curva,ture def ined  
by t h e  geometry of t h e  chamber. Only i f  extreme ca,re i s  taken t o  elimina.te conta.ct 
p o t , e n t i a l  e f f e c t s  can t h e  uncer ta in ty  i n  t h e  determina,tion of t h e  ion  beam energy be 
el imina. ted.  To obta,in an estimate of the magnitude of t h e  uncer ta in ty  i n  t h e  de t e rmim-  
t i o n  of  t h e  ion  beam energy ca.used by contact  potent ia .1  e f f e c t s ,  beam energ ies  
det,ermined with t h e  electroformed c o l l i s i o n  chamber system were compa,red t o  ion 
beam ene rg ie s  i n f e r r e d  by mea.suring t h e  potentia.1 d i f f e rence  between the  i o n i z e r  
ca.p and ion  c o l l e c t o r .  This  l a t t e r  technique, which i s  sub jec t  t o  conta.ct potent ia .1  
e f f e c t s ,  wa.s found t o  produce a,s much a.s 2 .5  e V  e r r o r  i n  the  t r u e  ion beam energy. 
The d e t a i l e d  r e s u l t s  of t hese  invest iga, t ions a r e  presented i n  R e f .  5 .  

The t o t a l  c o l l i s i o n  c ros s  sec t ion  i s  determined by measuring t h e  a t t enua t ion  
o f  t h e  ion  beam e x i t i n g  t h e  c o l l i s i o n  chamber produced by increases  i n  cesium 
pressure  wi th in  the  c o l l i s i o n  chamber. This can be represented  by the  fol lowing 

3 



equa.t ion  LI 

where 
I i s  t h e  ion beam curren t  e x i t i n g  the c o l l i s i o n  chamber f o r  a. f i n i t e  

pressure  i n  t h e  chamber 
1, i s  t h e  ion beam curren t  e x i t i n g  the c o l l i s i o n  chamber f o r  zero pressure  

i n  t h e  chamber 
i s  t h e  pressure  i n  t h e  c o l l i s i o n  chamber reduced t o  2 7 3 ' ~  Po 

Pt i s  t h e  number of c o l l i s i o n s  pe r  cm of pa.th p e r  mm o f  pressure  
x i s  the  pa th  l eng th  of t h e  ion beam through t h e  chamber 

From t h e  geometry of t h e  system, s c a t t e r i n g  events  which produced de f l ec t ions  
grea . te r  than  0.0074 m d i a n s  were counted. 
ma.nner i s  composed of  e h s t i c  sca . t te r ing  events ,  which produce de f l ec t ions  grea . te r  
than  0.0074 rad ians ,  and all charge exchange r eac t ions .  
a r e  counted because of t h e  f a c t  t h a t  when t h e  ion and a ton  have exchanged i d e n t i t i e s ,  
t h e  ion  ha.s assumed t h e  energy of t he  a.tom which ca.uses the  newly formed ion t o  
ha.ve an i n c o r r e c t  t r a , j ec to ry  i n  t h e  ma.gnetic f i e l d  t o  e x i t  t h e  c o l l i s i o n  chamber. 

The c ross  sec t ion  determined i n  t h i s  

A l l  charge exchange r eac t ions  

By using completely c lass ica l r techniques  a.s ou t l i ned  i n  Appendix I, it i s  
poss ib l e  t o  determine t h e  cla ,ss ica . l  d i f f e r e n t i a l  sca . t te r ing  c ros s  s e c t i o n  due t o  a, 
pola . r iza . t ion i n t e r a c t i o n .  Once t h e  c l a s s i c a l  d i f f e r e n t i a , l  sca . t te r ing  c ros s  sec t ion  
i s  known, i t  i s  poss ib l e  t o  determine the va.lue of t h e  a.ctua.1 e h s t i c  s ca , t t e r ing  c ros s  
s e c t i o n .  The charge exchange c ross  sec t ion  can then be determined by subtra .c t ing from 
t h e  mea.sured t o t a , l  c o l l i s i o n  c ros s  sec t ion  t h e  cont r ibu t ion  due t o  e k s t i c  sca . t te r ing  
even t s .  To p red ic t  the  a c t u a l  elastic d i f f e r e n t k l  sca . t te r ing  c ros s  sec t ion  by a, 
completely c lass ica .1  ana lys i s ,  t h e  reso lu t ion  of t h e  system must be grea. ter  than 
t h e  quantum mecha,nical cu tof f  angle .  
mecha.nica,l c u t o f f ,  t h e  uncerta. inty i n  the p o s i t i o n  of t h e  p a r t i c l e  i s  grea . te r  than  
t h e  r e s o l u t i o n  of t h e  system, and therefore ,  t he  c ross -sec t ion  informa.tion cannot 
be i n t e r p r e t e d  on an e n t i r e l y  cla.ssica.1 ba.s is .  
mea,surements over  t h e  energy range of 0.12 t o  9 .7  e V ,  t he  r e so lu t ion  of t he  system 
is grea . te r  than  t h i s  c r i t i c a . 1  cu tof f  angle, and the re fo re ,  a. completely cla.ssica.1 
a n a l y s i s  o f  t h e  da.ta. i s  va . l id .  Shown i n  F ig .  2 of Appendix I i s  t h e  d i f f e r e n t i a , l  
s ca . t t e r ing  c ros s  sec t ion  f o r  both e l a s t i c  a,nd cha.rge exchange events  pred ic ted  on 
a. c la .ss ica .1  b a s i s .  The f i n i t e  cu tof f  a,t sma.11 a.ngles i s  due t o  the  r e so lu t ion  
o f  t h e  experimenta,l system. The cu to f f  a.t la.rge angles  f o r  charge exchange int .er-  
a .c t ions corresponds t o  t he  angle of sca . t te r  produced by the  ma.ximum impa.ct pa.rameter 
a.t which a, cha.rge excha.nge infera .c t ion  ca.n ta.ke pla.ce e The ma.ximum cha.rge excha.nge 
cu to f f  a.ngle, a.s shcwn by Sheldon,' i s  energy dependent. 
dependence of t he  high-energy cha.rge exchange informa.tion must be employed i n  o rde r  
t o  p r e d i c t  t h i s  angle .  
c ros s - sec t ion  information, t he  ma.gnitude of t h e  cha.rge exchange cross  sec t ion  can 

For systems with r e so lu t ions  below t h e  quantum 

For t he  present  cesium cross-sec t ion  

Therefore ,  t he  energy 

However, i n  t h e  ana.lysis of t he  mea.sured to ta .1  c o l l i s i o n  

4 
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be determined by s u b t m c t i n g  t h e  Contribution due t o  e l a s t i c  s c a t t e r i n g  events  from 
t h e  measured t o t a , l  cross sec t ion .  
i n  t h e  ana lys i s  i s  t h e  p o l a , r i z a b i l i t y  of cesium which i s  well-known from t h e  mea,sure- 
ments of Sa,lop, e t  a,1.7 

' The only phys ica l  pa.rameter t h a t  must be u t i l i z e d  

The r e so lu t ion  of t h e  c o l l i s i o n  chamber ha.s been chosen i n  a, range i n  which a, 
sma.11 Lna.ccura.cy ir; t h e  6etemLnatioi-i of t h e  r e so lu t ion  of t h e  system does not  pro- 
duce s i g n i f i c a n t  changes i n  t h e  ma.gnitude of t h e  p red ic t ed  e l a . s t i c  scakter ing  c ros s  
s e c t i o n .  
events  which produce extremely small def lec t ions  , t h e  ma.gnitude of  t h e  e l a s t i c  
sca . t te r ing  cross sec t ion  p red ic t ed  on a. classicaJ.  ba.s is  i s  extremely s e n s i t i v e  t o  
very sma.11 devia,t ions i n  t h e  sca . t t e r ing  angle s ince  on a, cla.ssica.1 b a s i s  t he  d i f f e r -  
e n t i a , l  cross sec t ion  becomes i n f i n i t e  f o r  zero a,ngle of d e f l e c t i o n .  

For systems with h igher  reso lu t ion  or with t h e  a b i l i t y  t o  d e t e c t  sca , t te r ing  

Once t h e  cha,rge excha.nge c ros s  sec t ion  has been determined, a.s shown i n  F ig .  5 
of Appendix I, it  i s  poss ib l e  t o  determine t h e  momentum t r a n s f e r  cross  sec t ion  which 
i s  t h e  e s s e n t i a 3  p r a m e t e r  i n  t h e  ana lys i s  of t h e  ion  mob i l i t y .  It hams been shown 
by Hols te in  and Dalgarno8 thak t h e  d i f fus ion  cross s e c t i o n  of a s  ion  moving i n  i t s  
pasent  gas  i s  twice t h e  c ros s  sec t ion  f o r  t h e  resonance charge t r a n s f e r  process .  
I n  t h e  low-f ie ld  l i m i t  t h e  mob i l i t y ,  p , can be determined by t h e  expression der ived  
by Holstein9 

wherem i s  t h e  ion  ma,ss 
N i s  t h e  n e u t r a l  dens i ty  
K i s  Boltzmann' ;, t*(~-:s-tant 

and ( 3 )  

Q i s  t h e  a.vera,ge d i f fus ion  cross sec t ion  which i s  determined by a.veraging t h e  d i f f u s i o n  
c ross  s e c t i o n  over  t h e  ion  energy d i s t r i b u t i o n .  Therefore ,  i n  o rde r  t o  proper ly  
eva.lua.te t h e  cesium ion  mob i l i t y  f o r  condi t ions t y p i c a l  of  t h e  cesium pla.sma. i n  t h e  
conver te r  t h e  a,vera.ge d i f f u s i o n  cross sect ion must be determined by a.veraging t h e  
d i f f u s i o n  cross sec t ion  over  t h e  ion  energy d i s t r i b u t i o n .  This  impl ies  tha. t  t h e  
energy dependence of t h e  d i f fus ion  cross sec t ion  must be known i n  o rde r  t o  a.ccura,tely 
ca.lcula.te t h e  cesium ion  mob i l i t y .  There ha.s been saxe ques t ion  zs  t o  t h e  v a l i d i t y  
of  using t h e  low-f ie ld  a,pproxima,tion i n  ca.lcula,t ing an ion  mob i l i t y  which w i l l  be 
a.pplica.ble t o  conver te r  condi t ions .  
f i e l d s  e x i s t i n g  i n  t h e  pla.sma. range from 300 t o  1500 volts/m. For high-pressure 
conver te rs  (a,pprox. 1 m) t h e  energy ga.ined from t h e  e l ec t r i c  f i e l d  by the  ions  
between c o l l i s i o n s  i s  small  i n  compa.rison t o  t h e  mean therma.1 energy of  t h e  ion .  
I n  t h i s  ca,se t h e  use of t h e  low-field approxima,tion i s  va. l id .  However, i n  low- 
pressure  conver te rs  rnm) t h e  energy gained from the  e l e c t r i c  f i e l d  between 
c o l l i s i o n s  can be s i g n i f i c a n t  due t o  t h e  increased  ion  mean free pa.th a.t t hese  
pressures ,  a.nu t he re fo re ,  extreme camre m u s t  be used i n  a,pplying t h e  low-f ie ld  

From e l e c t r o s t a , t i c  probe mea.surements1° a,vera,ge 
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The p r i n c i p a l  problem i n  extending the  energy range of t h e  c r o s s  aec t i cn  
measurements below 0 1 e V  i s  that ,  t he  de tec tab le  ion  cu r ren t  l e v e l  i n  t h e  system 
a t  t hese  ene rg ie s  i s  below lo-'' amps. A t  t h i s  cu r ren t  l e v e l  t h e  ion  bfam CdLl  b+ 
cha rac t e r i zed  a s  a series of random pulses ,  and the re fo re ,  dc techniques cannot, b~ 
used to accura t e ly  measure the  ion  a r r i v a l  r a t e .  An e l e c t r o n  m u l t i p l i e r  with ?x=ryl i iua  
copper dynodes i s  used t o  amplify t h e  ion beam curren t  s i g n a l  l e v e l  by a f a c t c r  cf 
lo5 t o  106s Beryllium copper was chosen f o r  t h e  dynodes of  t he  m u l t i p l i e r ,  s i m p  
s t a b i l i t y  r a t h e r  than extremely high gain i s  e s s e n t i a l  i n  t h e  de t ec t ion  syst ,em. 
Evvry ion t h a t  a r r i v e s  a t  t h e  m u l t i p l i e r  produces an output  of approximately 105 - 
IO6 e l e c t  rons Using sampling osci l loscope techniques,  t he  t i m e  -energy cha-azrpr 
i s t i c s  of t h e  m u l t i p l i e r  output  have been measured. Shown i n  F i g  1 i s  a typical 
t ime-pulse d i s t r i b u t i o n  of t h e  mul t ip l i e r  output  which i n d i c a t e s  a pu lse  h a i f  width 
cf approximate seconds.  The pulse  d i s t r i b u t i o n  of  t he  m u l t i p l i e r  outpxt ,  as 
would be expected, i s  Gaussian. A tunnel  diode p reampl i f i e r  c i r c u i t  i s  used tc 
a n p l i f y  and change t h e  na ture  of the  output of t h e  m u l t i p l i e r  t o  a form tha t  can be 
d i r e c t l y  de t ec t ed  with an e l e c t r o n i c  counter.  The s t a b i l i t y  of t h e  preampl i f ie r  
c i r c u i t ,  which i s  usua l ly  t h e  major problem i n  using t h i s  type of syskem, has been 
Ycund by measurements t o  be constant  f o r  per iods  on the  order  of  days if t h e  tempera. 
t u r e  of t h e  c i r c u i t  i s  maintained constant .  The preampl i f ie r  system s t a b i l i t y ,  
t he re fo re ,  i s  more than s u i t a b l e  f o r  use i n  measuring lower energy ion  c r c s s  s?ctiCrls 
This  c i r c u i t  has been success fu l ly  used t o  da te  t o  de tec t  ion  cu r ren t  l e v e l s  a s  
l o w  a s  1 9 ions/min 2 0,212 with a background count of 0 T 0.0,  
inves t ' iga t ions  of t h e  system have ind ica ted  t h a t  background noise  can s i g n i f i c a n t  i y  
pe r tu rb  t h e  counting rate, By c u t t i n g  off t h e  low-energy s e n s i t i v i t y  of t he  
p reampl i f i e r ,  i t  has been poss ib l e  t o  el iminate  t h e  background noise  con t r ibu t ion  
t o  the  s i g n a l .  By using t h i s  technique, however, a s ign i f icant ,  portior,  i f  the 
information a v a i l a b l e  i s  a l s o  l o s t .  This l o s s  i s  not c r i t i c a l  i n  t h e  i l? t t r .preta-  
t i o n  of  t h e  c ros s - sec t ion  measurements, s ince  t h e  c ros s  sec t ion  i s  determined by 
measuring +he r e l a t i y e  a t t enua t ion  of the ion  beam and nc t  t h e  absc lu t e  nagnitud;. 
bf The ior, beam cur ren t  AT ext,remely low-current l e v e l s ,  however, any loss  ijf 
s i g n i f i c a n t  info-rmation r e s u l t s  i n  an increase i n  the  counting time requi red  + ?  

maKp the  m ssurenents  and a l s o  an increase i n  the  lower energy limit a t  which 
meapingfu-1 npasurements can be >b?,ained. Therefore ,  s i g n i f i c a n t  effc-: h a s  been 
a f v o t e d  + G  reducing the  noise l e v e l  of the system and alsG t c  improwm?n+ +hk 
icln c p t i c s  cf t,he def leTt ion system used i n  conjunct ion with t h e  m u l r i p l i F r  

However, f u r t h e r  

Since tht. p resmp%if iz r ,  which i s  used tjo change t.he output  ch.a.ra 
ci' +.he mu?t ip l i . e r  to a, form tha.t c.a,n be detect ,ed d i r e c t l y  with an e1ectrcmi:. cCuilt.tr, 
. r~qu i . r=s  a. finite res?+, tirw c f  a.pproxima.teLy LO-' 6 sec a,ft.er t h e  det,ecti i .n i7f 8.11 

iclr!, a,r? IuFper l i m i t  cn t h e  i , m  current: l eve l  de t ec t ab le  with t-his s y s e ? m  e . x i s t s  
!issent,ia.l;y, t ,h is  .I  i m i t  i s  t,he poin t  a.t which t,he a.verage t h e  betwem i~ . ,ns  a . r r iu . i -g  - 
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at the  m u l t i p l i e r  becomes comparable t o  o r  less than  the reset time of the pre-  
ampl i f i e r .  Below t h i s  upper cu r ren t  l e v e l  l i m i t ,  t h e  m u l t i p l i e r  count r a t e  should 
e x h i b i t  a. l i n e a r  dependence with cu r ren t  a r r i v a l  rate. The preampl i f ie r  system 
has been designed so that both a dc electrometer and counter can be used s imultaneously 
t o  compare the performance of both systems at the h igher  cu r ren t  l e v e l s .  
F ig .  2 i s  t h e  comparison between t h e  count rate and the cu r ren t  l e v e l  measured w i t h  
a dc e lec t rometer .  
bezween the count rate and t h e  dc cur ren t  l e v e l  has been de tec t ed  over t h r e e  o rde r s  
of m-nitude as shown i n  t h i s  f i g u r e .  
qaused by t h e  limits of the e lec t rometer  system. 
t o  i n d i c a t e  t h a t  t h e  preampl i f ie r  system i s  performing c o r r e c t l y  and not ,  f o r  
example, double counting over po r t ions  of the cu r ren t  range. 

LP 

Shown i n  

Beiow cu r ren t  ieveis of 7. j x io-14 amps a l i n e a r  behavior  

The lower l i m i t  of t h i s  comparison i s  
The l i n e a r  dependence se rves  

I n  the course of improving t h e  op t i c s  of the m u l t i p l i e r  d e f l e c t i o n  system 
t o  increase  s e n s i t i v i t y ,  it was found tha t  focusing p o t e n t i a l s  requi red  t o  d e f l e c t  
ions i n t o  the m u l t i p l i e r  were s i g n i f i c a n t l y  g r e a t e r  than  those  used i n  t h e  o r i g i n a l  
c ros s  s e c t i o n  measurements. Subsequent i nves t iga t ion  of t h i s  d i f f e rence  us ing  
e l e c t r i c a l  analogue techniques ind ica t ed  t h a t  a Faraday cage c o l l e c t o r  system used 
i n  the o r i g i n a l  measurements, bu t  not i n  these  latest tests, changed t h e  shape 
of t h e  e l e c t r i c  f i e l d  produced by t h e  de f l ec t ion  p l a t e s  of t h e  multiplier s i g n i -  
f i c a n t l y .  Experimental measurements employing t h e  Faraday cage c o l l e c t o r  were 
conducted t o  v e r i f y  t h i s  r e s u l t .  Shown i n  F ig .  3 i s  the d i f f e rence  i n  i o n  cu r ren t  
de t ec t ed  by t h e  m u l t i p l i e r  as a func t ion  of voltage appl ied  t o  t h e  d e f l e c t i o n  
p l a t e  system f o r  systems with and without the Faraday cage c o l l e c t o r  p re sen t .  
A s  pred ic t ed  by t h e  analogue measurements, less app l i ed  voltage t o  t h e  m u l t i p l i e r  
d e f l e c t i o n  p l a t e s  i s  requi red  when t h e  Faraday cage c o l l e c t o r  i s  present i n  t h e  
system t o  shape the e l e c t r i c  f i e l d .  A l s o  as shown i n  F i g .  3, t h e  c u r r e n t  t o  t h e  
m u l t i p l i e r  i s  cons tan t  over approximately 100 v o l t s  f o r  t h e  Faraday cage c o l l e c t o r  
system, and the  app l i ed  voltage t o  t h e  de f l ec t ion  p l a t e s  i s  s i g n i f i c a n t l y  less 
than  t h e  app l i ed  vol tages  requi red  without the  Faraday cage c o l l e c t o r  system p r e s e n t .  
'The r e l a t i v e l y  cons tan t  ion  cu r ren t  t o  the  m u l t i p l i e r  over a v a r i a t i o n  of 
approximately 100 v o l t s  i n  app l i ed  voltage t o  the d e f l e c t i o n  p l a t e s  i s  due t o  
the f i n i t e  r e s o l u t i o n  of the o p t i c s  of the m u l t i p l i e r  systel  . This r e s u l t  was also 
p red ic t ed  from t h e  analogue a n a l y s i s .  The most s i g n i f i c a n t  r e s u l t  i s  t h a t  h igher  
i on  c u r r e n t  l e v e l s  were de tec ted  i n  the  system with t h e  Faraday cage c o l l e c t o r  
present  even though i n  t h e  system without t h e  Faraday cage c o l l e c t o r  p o t e n t i a l s  
as g r e a t  as a f a c t o r  of 20 h igher  were applied t o  the d e f l e c t i o n  p l a t e s .  
Even though the shaping of the f i e l d  by the presence of t h e  Faraday cage 
c o l l e c t o r  w a s  f o r t u i t o u s ,  t h i s  technique w i l l  be used i n  the f u t u r e  t o  l i m i t  
t h e  magnitude of t h e  voltage appl ied  t o  the d e f l e c t i o n  p l a t e s  requi red  t o  focus 
t h e  ion beam i n t o  t h e  m u l t i p l i e r .  With t h i s  technique the focus  of t h e  system 
can be improved at lower appl ied  voltage l e v e l s  which reduces problems a s soc ia t ed  
wi th  vol tage  breakdown. 

A s  has  been ind ica t ed  previously,  a s i g n i f i c a n t  e f f o r t  has been made t o  
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E reduce t h e  noise  level of t h e  m u l t i p l i e r  de f l ec t ion  system. 

served t o  e l imina te  t h e m i o n i c  emission e f f e c t s  produced a , t  t h e  dynodes of t he  
m u l t i p l i e r  as one of t he  causes of t he  measured background l e v e l .  It has 
been found tha. t  t he re  i s  a. s t rong  frequency c o r r e l a t i o n  of  t h e  background 
s i g n a l  l e v e l .  
e l imina te  t h i s  background l e v e l  from t h e  system. 

This  work has  

Therefore,  f u r t h e r  work has been i n  progress  i n  t h i s  area t o  

a 



. ' c-920243-6 

B Outl ine of Research for the Next Six-Month Period 

1. Studies  w i l l  be continued t o  f u r t h e r  develop t h e  cla.ssica.1 techniques 

which a,re used t o  a m l y z e  the  t o t a l  c ros s  sec t ion  da.ta. 

2 .  Fur ther  s t u d i e s  w i l l  be made t o  reduce t h e  ba.ckground l e v e l  de tec ted  

by the  m u l t i p l i e r  so t h a t  t he  c ross  sec t ion  measurements can be 

extended t o  energ ies  s i g n i f i c a n t l y  below energ ies  of 0 . 1  e V .  

3. The to ta .1  c o l l i s i o n  c ros s  sec t ion  w i l l  be mea.sured a,t  energ ies  below 

0 .1  eV, and f u r t h e r  information w i l l  be obtained a t  higher  energ ies  

t o  v e r i f y  t h e  ex is t ing  r e s u l t s .  

9 
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ff ELECTRON-CESIUM ATOM COLLISION PROBABILITY MEASUREMENTS 

In t roduct ion  

Electron-atom c o l l i s i o n s  p l a y  a dominant r o l e  i n  determining t h e  t r a n s p o r t  
p r o p e r t i e s  of s l i g h t l y  and p a r t i a l l y  ionized plasmas. A s  a r e s u l t ,  a knowledge 
of t h e  electron-cesium atom c o l l i s i o n  cross  s e c t i o n  or c o l l i s i o n  p r o b a b i l i t y  1s 
a p r e r e q u i s i t e  f o r  an understanding of the p r o p e r t i e s  of t h e  non-equilibrium 
plasma t h a t  e x i s t s  i n  t h e  thermionic converter and o the r  plasma devices  employing 
cesium vapor i n  an ionized state. 
e l e c t r o n  ene rg ie s  are less than  1 eV.  
i s  approximately an order of magnitude va r i a t ion  i n  t h e  experimental c ros s - sec t ion  
values with no p a r t i c u l a r  energy dependence exh ib i t ed  i n  t h e  repor ted  data .  
Consequently, it has  become common p rac t i ce ,  when making c a l c u l a t i o n s  p e r t a i n i n g  
t o  t h e  a n a l y s i s  of a p a r t i c u l a r  device, t o  use  what appears t o  be a reasonable 
average of t h e  e x i s t i n g  c ros s - sec t ion  da ta  o r  t o  use a value which has  been 
i n f e r r e d  from t h e  ope ra t iona l  c h a r a c t e r i s t i c s  of a cesium plasma device, such 
as t h e  thermionic  converter.  Such procedures can l e a d  t o  s i g n i f i c a n t  e r r o r s o  

I n  most pralzt ical  cesium plasma devices,  
I n  t h i s  range of e l e c t r o n  energ ies  t h e r e  

The a c u t e  need for  accu ra t e  d a t a  pe r t a in ing  t o  e lectron-cesium atom 
c o l l i s i o n a l  processes  has  prompted t h i s  i nves t iga t ion  of t h e  e l a s t i c  e l ec t ron -  
cesium atom c r o s s  s e c t i o n  f o r  momentum t r ans fe r .  Momentum t r a n s f e r  c o l l i s i o n s  
are s i g n i f i c a n t  i n  t h e  determinat ion of such parameters as e l e c t r o n  mobili ty,  
conduct iv i ty ,  and d r i f t  ve loc i ty .  Earlier measurements of t h e  electron-cesium 
atom c r o s s  s e c t i o n  f o r  momentum t r a n s f e r  over an energy range from O,O5 t o  0.1 eV 
w e r e  conducted under Contract NASr-112 using e l e c t r o n  cyc lo t ron  resonance techniques,  
Since t h e  upper energy l i m i t  of t h e  cyclotron resonance technique i n  cesium vapor 
w a s  found t o  be 0.1 eV,  t h e  c o l l i s i o n  p r o b a b i l i t y  measurements i n  t h e  p re sen t  
i n v e s t i g a t i o n  over an energy range from 0.1 - 0.5 e V  are be ing  conducted i n  t h e  
p o s i t i v e  column of a c e s i u ?  a r c  discharge. 
made us ing  e l e c t r o s t a t i c  probes and r f  conductivity probing techniques,  An 
e f f e c t i v e  electron-cesium atom c o l l i s i o n  frequency f o r  momentum t r a n s f e r  i s  
obtained experimentally,  and from t h i s  information t h e  magnitude and v e l o c i t y  
dependence of t h e  c ros s  s e c t i o n  i s  determined through an appropr i a t e  i n t e g r a l  
ana lys  i s . 

Measurements of plasma p r o p e r t i e s  are 

E m r y  and %he Plasma Model 

'The equat ion desc r ib ing  +;he e l ec t ron  cu r ren t  flow through a gas under t h e  
in f luence  of an appl ied  de e1ectri .c f i e l d  nay be derived on .the b a s f s  of the 
phys ica l  model f o r  a plasma orfgl.nal:y developed by Lorent.z, 
5% i s  assurned t h a t  c o l l i s i o n s  a r e  instrumental  i n  s e t t i n g  up a n e a r l y  spnerica1.l.y 
sympezric v e l o c i t y  d i s t r i b u t i o n  of electrons and that .  small devl af ions from. 
s p h e r i c a l  symmetry are d.?scrib-?d ac.c.LuPa-tely enoilgh by -bhe second tern i.n t h e  
s p h e r i c a l  karmonic expansl,on of -the velocizy d i s t r t b u t i  on func t ion .  

I n  th1.s approach, 

Upon 



c -‘9202&3-6 

s u b s t i t u t i o n  of t h i s  first order expansion i n t o  t h e  Boltzmann equation, two coupled 
equat ions descr ib ing  t h e  r e l a t ionsh ip  of the t e r m s  of %he expansion resu l t . ,  
t h i s  r e l a t i o n s h i p  and t h e  equation f o r  p a r t i c l e  cur ren t ,  t h e  following equation 
nay be obtained 

# 
From 

where 
m -  

e -  

n p  - 
v -  

J -  
E -  
f o  - 

&Nj- 
v,, iv) - 

e l e c t r o n  mass 
e l e c t r o n i c  charge 
e l e  c t r on ve loc i ty  
e l e c t r o n  number dens i ty  
cu r ren t  dens i ty  
e l e c t r i c  f i e l d  i n t e n s i t y  
i s o t r o p i c  p a r t  ( f i r s t  term i n  spher ica l  harmonic expansion) of t h e  
v e l o c i t y  d i s t r i b u t i o n  func t ion  normalized with respec t  t o  e lec txon  
d e n s i t y  
e l a s t i c  electron-atom c o l l i s i o n  frequency f o r  momentum t r a n s f e r  
appropr ia te  e lec t ron- ion  c o l l i s i o n  frequency f o r  momentum t r a n s f e r  

I n  t h i s  d e r i v a t i o n  it has been assumed tha t  t h e  plasma i s  uniform, t h a t  t he  
c o l l i s i o n a l  f r i c t i o n  fo rce  exerted on e l ec t rons  i s  due t o  momentum t r a n s f e r  
encounters with heavy p a r t i c l e s ,  and t h a t  e lec t ron-e lec t ron  encounters have no 
d i r e c t  in f luence  on t h e  momenturn of t h e  e lec t ron  gas. 
problem, which y , i d s  t h i s  r e s u l t ,  i s  presented i n  R e f .  11, 

A complete ana lys i s  of t h e  

If it is  assumed t h a t  e lec t ron-e lec t ron  c o l l i s i o n s  are i n f l u e n t i a l  i n  
e s t a b l i s h i n g  a Maxwellian d i s t r i b u t i o n  of e l ec t ron  v e l o c i t i e s  and t h - i  e l ec t ron -  
ion co l l i . s ions  can be neglected i n  comparison t o  electron-atom c o l l i s i o n s ,  Eq, 4 
becomes 

n 

which can be expressed i n  t h e  convenient; form 

.&err v,ff t he  e f f e c t i v e  c:cdllsIoc, frvquency, i s  given by 

11 
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The c o l l i s i o n  frequency i s  r e l a t e d  t o  t h e  momentum t r a n s f e r  c ross  s e c t i o n  through 
t h e  following r e l a t i o n s h i p  

where 
no - atom d e n s i t y  
Qea(v)- e l a s t i c  electron-atom momentum transfer c ros s  sec t ion  

Subs t i t u t ing  t h i s  form i n t o  Eq. 7 and normalizing t h e  c o l l i s i o n  frequency with 
respec t  t o  atom dens i ty ,  R C ,  y ie lds  

Eq. '9 r ep resen t s  t h e  product of cross  sect ion and e l ec t ron  ve loc i ty  proper ly  
averaged ove r -a l l  e l ec t ron  v e l o c i t i e s  and i s  a func t ion  of e l ec t ron  Ceqerature 
only. It should be noted t h a t  t h e  e f f ec t ive  c o l l i s i o n  frequency def ined by t h e  
preceding equat ions i s  not  t h e  "average" c o l l i s i o n  frequency but r a t h e r  a parameter 
def ined f o r  convenience which p e r t a i n s  only t o  t h i s  p a r t i c u l a r  formulation of t h e  
problem. 
would be extremely useful i n  t h e  ca lcu la t ion  of dc plasma t r anspor t  p rope r t i e s .  

This  parameter, however, i f  known as a func t ion  of e l ec t ron  temperature,  

It is apparent from Fq. 9 t h a t  bowledge of t h e  normalized e f f e c t i v e  
c o l l i s i o n  frequency e l ec t ron  temperature dependence could lead  t o  a determination 
of t h e  c r o s s  sec t ion  which appears i n  the  denominator of t h e  integrand. A 
numerical t r i a l  func t ion  ana lys i s  f o r  the  c ross -sec t ion  ve loc i ty  dependence has 
been c a r r i e d  out  using Eq. 9 and w i l l  be presented i n  another sec t ion .  

Using t h e  p e r f e c t  gas r e l a t ionsh ip  

where 
P - cesium vapor pressure  
k - Boltzmann's constant  
T, - cesium gas temperature 

along with Fq. 6, t h e  following equation can be obtained 

where 
A - c ross  s e c t i o n a l  area of t h e  plasma sample 
I - cur ren t  pass iag  through plasma sample 

12  
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This equat ion relates t h e  e f f e c t i v e  normalized electron-atom c o l l i s i o n  frequency, 
which i s  a func t ion  of e l ec t ron  temperature only, t o  t h e  o the r  measurable 
parameters of t h e  plasma system, namely, e lec t ron  dens i ty ,  e l e c t r i c  f i e l d ,  gas 
temperature and pressure ,  and cu r ren t .  

Descr ipt ion of t h e  Experiment 

The l abora to ry  plasma used i n  t h i s  i nves t iga t ion  i s  t h e  p o s i t i v e  column of 
a cesium a r c  discharge which i s  a r e l a t i v e l y  quiescent  plasma having a con t ro l l ab le  
degree of i on iza t ion ,  low e l ec t ron  temperature, and consequently nea r ly  thermal 
d i s t r i b u t i o n  of e l e c t r o n  v e l o c i t i e s .  The t h e o r e t i c a l  model prev ious ly  out l ined  
i s  used t o  desc r ibe  t h e  cesium a r c  discharge plasma which has  p r o p e r t i e s  s imi l a r  
t o  those  encountered i n  p r a c t i c a l  cesium plasma devices  bu t  i s  more s u i t a b l e  f o r  
l abora to ry  diagnosis .  For moderate pressures  
( O , 3  - 1.5 amps), t h e  degree of ion iza t ion  i n  t h e  p o s i t i v e  column of t h e  discharge 
v a r i e s  from about 
approximately 2500 t o  4500°K. The e lec t ron  d e n s i t y  i n  t h e  plasma i s  uniform 
a x i a l l y  and c i rcumferent ia l ly ,  while  grad ien ts  due t o  d i f f u s i o n  e x i s t  i n  t h e  
r a d i a l  d i r e c t i o n .  
appl ied dc e l e c t r i c  f i e l d  and, consequently, t h e  plasma behaves as though it w e r e  
nea r ly  uniform. A simple averaging process can be used t o  account f o r  t h e  r a d i a l  
v a r i a t i o n  i n  e l e c t r o n  d e n s i t y  (see Appendix 11). As a r e s u l t  of t h e  uniform 
c h a r a c t e r i s t i c s o f  t h e  cesium plasma of the  p o s i t i v e  column of t h e  discharge,  t h e  
plasma i s  amenable t o  ana lys i s .  
i n  t h e  a r c  mode thermionic converter  i n  which severe g rad ien t s  i n  plasma p r o p e r t i e s  
e x i s t ,  

- 10-l mm Hg) and cu r ren t s  

t o  lom2 while  t h e  e l ec t ron  temperature v a r i e s  from 

There are no plasma dens i ty  g rad ien t s  p a r a l l e l  t o  t h e  a x i a l l y  

This  i s  i n  c o n t r a s t  t o  t h e  condi t ions  e x i s t i n g  

O f  t h e  parameters i n  Eq. 11 required t o  experimental ly  obta in  t h e  normalized 
e f f e c t i v e  c o l l i s i o n  frequency, t h e  e lec t ron  d e n s i t y  and temperature are t h e  two 
most d i f f i c u l t  t o  measure experimentally.  
tecnniques ava i l ab le ,  t h e  most p r a c t i c a l  for t h i s  purpose i s  t h e  e l e c t r o s t a t i c  
probe. 
probe, t h e  e l e c t r o n  temperature and dens i ty  can be determined and t h e  assumption 
regarding t h e  equi l ibr ium d i s t r i b u t i o n  of e l e c t r o n  energ ies  v e r i f i e d ,  
tne e l e c t r i c  f i e l d  can be determined fromplasma p o t e n t i a l  measurements made with 
probes pos i t ioned  a x i a l l y  along t h e  p o s i t i v e  column. A high degree of s p a t i a l  
r e s o l u t i o n  can be r e a l i z e d  with e l e c t r o s t a t i c  probes, and they  can be moved frotri 
po in t  t o  p o i n t  i n  t h e  plasma 50 measure l o c a l  condi t lons,  

O f  t h e  var ious plasma d iagnos t ic  

From an a n a l y s i s  of t h e  cur ren t  voltage c h a r a c t e r i s t i c s  of an e l e c t r o s t a t i c  

I n  addi t ion ,  

A s  a check on t h e  p o t e n t i a l  measurements made with e l e c t r o s t a t i c  probes and 

I n  t h i s  technique, a small probing rf c o i l  i s  inse r t ed  
%be d ischarge  cur ren t  measurements, r f  conductivi . ty probes a r e  used t o  measure 
t h e  plasma conduct iv i ty ,  
i.n %he plasma, 
i n t o  t h e  plasma which beh.aves as a l o s s y  medium f o r  t h e  rf power, loading t h e  
c o i l  t o  an ex ten t  determined by t h e  plasma conduct iv i ty ,  

The magnet ical ly  i.nduced r f  s l e c t r i c  f i e l d  of t h e  c o i l  pene t r a t e s  

Therefore,  a measurement 
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P of t h e  power d i s s ipa t ed  can be d i r e c t l y  r e l a t ed  t o  t h e  plasma conduct ivi ty .  
These measurements provide an independent check on t h e  experimental ly  determined 
r a t i o  of cu r ren t  dens i ty  t o  e l e c t r i c  f i e l d .  

A photograph of a t y p i c a l  discharge tube i s  shown i n  Fig,  4, Cathode t o  
anode separa t ion  i n  t h i s  tube i s  50 cm, and t h e  i n s i d e  diameter i s  3”8 em. 
e l e c t r o s t a t i c  probe sidearm assemblies shown i n  the  photograph a r e  constructed 
i n  such a way t h a t  t h e  probes,which protrude through a small hole  i n  t h e  w a l l  of 
t h e  discharge tube,  can be moved r a d i a l l y  i n t o  t h e  plasma. 
constructed of 0.010-in. diameter tungsten rod with a g l a s s  sheath used as an 
e l e c t r i c a l  i n s u l a t o r  around the  s idewall .  The e n t i r e  assembly, averaging 0.017 in., 
i n  diameter, i s  ground f l a t ,  exposing only t h e  .010-in. tungsten t i p  t o  t h e  plasma., 
Several  probes a r e  used with each tube and a r e  pos i t ioned  a t  8-cm i n t e r v a l s  along 
the  tube a x i s .  During operat ion t h e  tube i s  loca ted  within an oven which con t ro l s  
t h e  gas temperature and prevents  cesium from condensing on t h e  tube w a l l s .  
appendix shown i n  t h e  f i g u r e  extends down t o  a lower oven which i s  always held 
a t  a lower temperature than  t h e  main oven i n  order  t o  con t ro l  t h e  cesium vapor 
pressure.  Fig.  5 shows a tube  designed for  use with t h e  conduct iv i ty  probe,, 
The conduct iv i ty  probe shown i n  t h e  f igure  i s  inse r t ed  a x i a l l y  through a h o l i  
i n  t h e  anode. The 
probe c o i l  i n  t h i s  photograph contains  about 20 t u r n s  of 0.010-in. gold w i r e  
and i s  approximately 0.25 in .  long. 

The 

The probes a r e  

The 

Fig. 6 is  a d e t a i l e d  view of t h e  anode a rea  of t h i s  tube.  

Measurements and Resul t s  

Typical experimental measurements are conducted with cesium p res su re  and 
discharge cu r ren t  as independent var iables .  
e s t ab l i shed  by f i x i n g  these  two parameters. 
discharge cu r ren t  i s  achieved by using a high-regulat ion de power supply. 
cesium pressure  i s  determined from the  cesium vapor pressure  curve of Ref. 12 
and i s  a s t rong  func t ion  of temperature. 
of t h e  temperature i n  t h e  pressure control  oven containing t h e  cesium r e s e r v o i r  
I s  critical, The temperatxre i n  t h i s  oven, which i s  varied from 150 - 2OO0C i n  
order 50 achieve t h e  range of pressures  of i n t e r e s t ,  i s  cont ro l led  by a temperature 
s t a b i l i z a t i o n  c i r c u i t  capable of holding the  oven temperature t o  wi th in  2$°C. The 
sensing element f o r  t he  c i r c u i t  i s  a commercially ava i l ab lp  platinum wire resfstor 
and i s  i n  c l o s e  contact  with t h e  l i q u i d  cesium i n  t h e  appendix. 
temperature i s  neasured with two precis ion grade labora tory  thermometers which 
have been c a l i b r a t e d  by t h e  manufacturer aga ins t  a standard t h a t  has  been 
c a l i b r a t e d  a t  t h e  NBS. 
Temperature g rad ien t s  i n s i d e  t h e  oven are e f f e c t i v e l y  eliminated by c i r c u l a t i n g  
t h e  a i r  with a fan.  

All other  plasma p r o p e r t i e s  are 
A high degree of s t a b i l i t y  i n  t h e  

The 

Consequently, s t a b i l i z a t i o n  and con t ro l  

Cesium r e s e r v o i r  

These thermometers a r e  c e r t i f i e d  accura te  to Q/8°~. 

The elec5ron temperature, e l ec t ron  densi ty ,  and plasma p o t e n t i a l  v a r i a t i o n s  
i n  t h e  discharge a r e  measured using pn l sed ,  e l e c t r o s t a t i c  probe techniques,  A 
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puls ing  system i s  used t o  apply a cleaning pulse ,  sweep vol tage o r  da t a  acqu i s i t i on  
pulse ,  and rest voltage t o  t h e  probe. The t i m e  dura t ion  of each po r t ion  of t h e  
probe pulse  can be var ied independently. The t i m e  s c a l e  of t h e  t o t a l  pu lse  appl ied 
t o  t h e  probe with t h i s  system ranges from approximately 100 microseconds t o  100 
mil l iseconds.  
e r r o r s  due t o  c i r c u i t  and plasma response l imi t a t ions ,  and t h e  e f f e c t  of plasma 
d r i f t  o r  i n s t a b i i i t y  can be detected.  
speed and appl ied vol tage i n  t h i s  manner i s  d e t a i l e d  i n  Ref, 13 and 14. 

w 

With such v e r s a t i l i t y ,  t h e  e f f e c t  of changing probe sur face  condi t ions,  

Tne importance 02 being able t o  vary  sweep 

Conductivity probing techniques a r e  cu r ren t ly  being used as a check on t h e  
measured r a t i o  of cur ren t  dens i ty  t o  e l e c t r i c  f i e l d .  The probe, which i s  inse r t ed  
along t h e  tube  a x i s  (see Fig. 5)  i n  order t o  t ake  advantage of t h e  common symmetry 
of t h e  probe and t h e  discharge,  d e t e c t s  t he  conduct ivi ty  i n  i t s  immediate v i c i n i t y  
by d i s s i p a t i n g  a very small amount of radio frequency (10 mc) power i n  t h e  plasma. 
This weak i n t e r a c t i o n  with t h e  plasma i s  detected by observing t h e  r e s i s t i v e  
loading of a s e n s i t i v e  osc i l l a to r -de tec to r .  
c a l i b r a t i o n  curve obtained by p lac ing  t h e  probe i n  a v a r i e t y  of salt  so lu t ions  
having known conduct iv i t ies .  From such a comparison t h e  conduct iv i ty  of t h e  
plasma can be determined. 
change and must be temperature corrected by determining t h e  amount of energy 
d i s s ipa t ed  i n  known r e s i s t i v e  loads a t  the temperatures t h e  probes w i l l  encounter 
i n  opera t ion  (200 - 3OOOC). 
i s  then  compared t o  t h e  amount d i s s ipa t ed  a t  room temperature f o r  a f ixed  r e s i s t i v e  
load. From t h i s  information, a temperature cor rec t ion  i s  appl ied  t o  t h e  s a l t  
so lu t ion  c a l i b r a t i o n  curve so t h a t  temperature e f f e c t s  may be d is t inguished  from 
those  due t o  real power d i s s i p a t i o n  i n  the plasma. 
pos i t ioned  i n  t h e  region of t h e  conduct ivi ty  probe so t h a t  t h e  e l e c t r i c  f i e l d  can 
be determined i n  t h e  po r t ion  of t h e  discharge tube occupied by t h e  conduct iv i ty  
probe w e l l .  
independent value of t h e  conduct iv i ty  is  obtained and compared with t h e  r f  probe 
measurements. 
s t a t i c  probes. 
instrumentat ion i s  presented i n  R e f .  15 and 16. 

The loading i s  then  compared with a 

Probes of t h i s  type are very s e n s i t i v e  t o  temperature 

The amount of energy d i s s i p a t e d  a t  operat ing temperature 

E l e c t r o s t a t i c  probes are 

From t h e  e l e c t r i c  f i e l d  and discharge cu r ren t  measurements, an 

Fig. 6 shows t h e  r e l a t i v e  pos i t ion ing  of conduct iv i ty  and e l ec t ro -  
A complete desc r ip t ion  of t h e  rf probe and i t s  assoc ia ted  

A typical r a d i a l  p r o f i l e  of e lec t ron  dens i ty  i s  presented i n  Fig. 7 as a 
func t ion  of discharge cur ren t  f o r  a f ixed cesium pressure.  
made by moving t h e  e l e c t r o s t a t i c  probe along i t s  sidearm (see Fig,  4 and 5 )  w i t h  
a magnet which i s  inse r t ed  through a hole  i n  t h e  oven w a l l .  
are taken a t  seve ra l  pos i t i ons  along t h e  tube radius .  The exac t  p o s i t i o n  of t h e  
probe i n  t h e  tube i s  determined by matching a poin t  on t h e  probe t o  a sca l e  whi3h 
is  pos i t ioned  p a r a l l e l  t o  t h e  sidearm. 
decreases  from a maximum on t h e  a x i s  of the tube t o  nea r ly  zero a t  a po in t  c lose  
to t h e  w a l l .  This i s  found t o  be t h e  case f o r  a l l  cu r ren t s  and pressures  checked 
50 date .  
Fig.  7 t o  a simple parabola and a f i r s t  order Bessel funct ion.  

The measurement i s  

Probe c h a r a c t e r i s t i c s  

A s  would be expected, t h e  e l e c t r o n  dens i ty  

The experimental ly  determined e lec t ron  dens i ty  p r o f i l e  i s  compared i n  
I n  t h e  averaging 
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L' of e l ec t ron  dens i ty  over t h e  c ross  sect ion,  use  of e i t h e r  func t ion  as an 
approximation t o  t h e  experimental da t a  i s  s a t i s f a c t o r y ,  However, i f  no co r rec t ion  
i s  made f o r  t h e  dens i ty  p r o f i l e ,  t h e  experimentally determined e f f e c t i v e  c o l l i s i o n  
frequency can be a l t e r e d  by over a f a c t o r  of two. 

F igures  8 -11 present  t h e  experimentally determined e l ec t ron  temperature, 
e l ec t ron  dens i ty ,  e l e c t r i c  f i e l d ,  and degree of i on iza t ion  as a funct ion of 
discharge cu r ren t  and pressure.  A s  can be seen from Fig. 8, t h e  e l ec t ron  
temperature i s  r a t h e r  i n s e n s i t i v e  t o  pressure but i s  a s t rong  funct ion of 
discharge cu r ren t  as t h e  cur ren t  decreases. 
general  t r end  exhib i ted  by t h e  e l e c t r i c  f i e l d  shown i n  Fig. 9. 
temperature i s  extremely s e n s i t i v e  t o  f luc tua t ions  i n  t h e  e l e c t r i c  f i e l d  because 
of t h e  a b i l i t y  of t h e  e l ec t ron  gas t o  respond i n s t a n t l y  t o  a change i n  p o t e n t i a l .  
It i s  f o r  t h i s  reason t h a t  s t a b i l i t y  of the appl ied e l e c t r i c  f i e l d  i s  c r i t i c a l .  
I n  order  t o  inc rease  t h e  range of mean e lec t ron  energies ,  e f f o r t s  have been 
d i r ec t ed  toward operat ion of t h e  discharge a t  lower cu r ren t s  where t h e  e l e c t r o n  
temperature r a p i d l y  increases  as i s  shown i n  Fig. 8 
below 0.3 amps is  d i f f i c u l t  because t h e  arc becomes unstable .  
presented i n  Fig. 10 is  t h e  value measured on t h e  center  l i n e  of t h e  tube and is 
seen t o  be s t rong ly  dependent on both discharge cur ren t  and pressure.  
value of e l e c t r o n  dens i ty  and t h e  atom densi ty  ca lcu la ted  from t h e  p e r f e c t  gas  
l a w ,  t h e  degree of i on iza t ion  i s  obtained and p l o t t e d  i n  Fig. 11. The degree of 
i on iza t ion  is  defined as t h e  r a t i o  of e lec t ron  t o  atom densi ty .  Note t h a t  
although t h e  absolu te  value of e l ec t ron  dens i ty  increases  with increas ing  pressure,  
t h e  degree of i on iza t ion  decreases.  Because of t h e  r a d i a l  v a r i a t i o n  of e l ec t ron  
dens i ty  and the independence of atom dens i ty  on rad ius ,  t h e  degree of ion iza t ion  
va r i e s  from i ts  value on t h e  tube a x i s  t o t h e  w a l l  i n  t h e  same manner a s  t h e  
e l ec t ron  dens i ty .  

This is  i n  agreement with t h e  
The e l ec t ron  

A t  t h e  present  t i m e ,  operat ion 
The e l e c t r o n  d e n s i t y  

From t h e  

According t o  t h e  t h e o r e t i c a l  model es tab l i shed  i n  a previous sec t ion ,  t h e  
experimental ly  determined normalized e f f ec t ive  c o l l i s i o n  frequency, Eq. 11, 
should be a func t ion  only of e l ec t ron  temperature and should be independent of 
both p re s su re  and t h e  degree of ionizat ion.  
t h e  only electron-heavy p a r t i c l e  i n t e rac t ions  were electron-cesium atom c o l l i s i o n s .  
From measurements of t h e  various plasma parameters discussed i n  t h e  previous 
paragraph and presented i n  Fig. 8 - 11, the  normalized e f f e c t i v e  c o l l i s i o n  
frequency can b e  determined from Eqo 11. Shown i n  Fig. 12  i s  t h e  experimentally 
determined v a r i a t i o n  of t h e  normalized e f f ec t ive  c o l l i s i o n  frequency with e l e c t r o n  
temperature and degree of ion iza t ion .  A s  can be seen from Fig. 12, t h e  da t a  
descr ib ing  t h e  normalized e f f ec t ive  c o l l i s i o n  frequency e x h i b i t s  a dependence on 
t h e  degree of i on iza t ion  ind ica t ing  t h a t  e lectron-ion c o l l i s i o n s  are making a 
not iceable  cont r ibu t ion .  However, i n  Fig. 12, a f a c t o r  of fou r  increase  i n  t h e  
degree of i on iza t ion  has  r e su l t ed  i n  an increase of only about 4-0 per  cent  i n  t he  
e f f e c t i v e  c o l l i s i o n  frequency f o r  f ixed e l ec t ron  temperature. This i n d i c a t e s  
t h a t  a degree of i on iza t ion  of lo-' i s  j u s t  on t h e  f r i n g e  of t h e  region where 

This  i s  t h e  r e s u l t  of assuming t h a t  
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/. % ,’ e lec t ron- ion  e f f e c t s  f i rs t  become important. This po in t  i s  f u r t h e r  i l l u s t r a t e d  
i n  Fig. 13, i n  which an electron-heavy p a r t i c l e  e f f e c t i v e  c o l l i s i o n  frequency 
w a s  ca lcu la ted  numerically f o r  an assumed electron-cesium atom c o l l i s i o n  
p r o b a b i l i t y  v e l o c i t y  dependence. 
e f f e c t i v e  c o l l i s i o n  frequency i s  a modification of Eq, 9 and includes t h e  e f f e c t s  
of e lec t ron- ion  c o l l i s i o n s .  The assumed form of t h e  v e l o c i t y  dependent e l ec t ron -  
atom c ross  sec t ion  used i n  t h e  ca lcu la t ions  i s  compatible with t h e  c ross -sec t ion  
information c u r r e n t l y  ava i lab le .  The r e s u l t  of using o ther  similar t r i a l  func t ions  
f o r  t h e  c o l l i s i o n  p r o b a b i l i t y  has been found t o  y i e ld  t h e  same q u a l i t a t i v e  behavior.  
The importance of t h e  degree of ion iza t ion  on t h e  e f f e c t i v e  c o l l i s i o n  frequency i s  
determined by t h e  r e l a t i v e  magnitude of electron-atom and e lec t ron- ion  c o l l i s i o n  
c ros s  sec t ions .  It i s  apparent f r o m t h e  experimental and t h e o r e t i c a l  d a t a  
presented i n  Fig. 12 and 13 t h a t  f o r  cesium, e lec t ron- ion  f f e c t s  f i r s t  become 
not iceable  f o r  a degree of i on iza t ion  of a proximately 10 , become s i g n i f i c a n t  
as t h e  degree of i on iza t ion  approaches lO-?, and begin t o  dominate t h e  c o l l i s i o n a l  
processes  as t h e  degree of i on iza t ion  approaches loe2. 

The form of t h e  i n t e g r a l  descr ib ing  t h e  

-6 

Another s i g n i f i c a n t  fact which is apparent from Fig. 12 and 13 i s  t h a t  t h e  
q u a l i t a t i v e  behavior of t h e  e f f e c t i v e  c o l l i s i o n  frequency i s  not  s i g n i f i c a n t l y  
a l t e r e d  i n  t h e  temperature range of t h i s  experiment a s  e lec t ron- ion  e f f e c t s  f irst  
become not iceable .  The q u a l i t a t i v e  behavior of t h e  e f f e c t i v e  c o l l i s i o n  frequency 
as a func t ion  e l ec t ron  temperature i s  determined by t h e  v e l o c i t y  dependence of 
t h e  electron-cesium atom c o l l i s i o n  c ross  sec t ion ,  while t h e  e f f e c t  of e l ec t ron -  
ion  c o l l i s i o n s  r e s u l t s  only i n  a s h i f t  i n  t h e  magnitude of t h e  c o l l i s i o n  frequency. 
Of course,  as t h e  degree of i on iza t ion  reaches t h e  po in t  where e lec t ron- ion  
c o l l i s i o n s  dominate, t h e  q u a l i t a t i v e  behavior of t h e  e f f e c t i v e  c o l l i s i o n  frequency 
i s  determined by t h e  electron-cesium ion  c ross  sec t ion .  

Analysis of T r i a l  Functionsfor t h e  Cross Sec t ion  

Since t h e  experimental measurements lead t o  a normalized e f f e c t i v e  c o l l i s i o n  
frequency, which i s  averaged over -a l l  e lec t ron  v e l o c i t i e s ,  it i s  necessary t o  
determine how t h e  i n t e g r a l  descr ib ing  the  c o l l i s i o n  frequency behaves a s  a func t ion  
of e l ec t ron  temperature f o r  va r i a t ions  i n  t h e  form of t h e  v e l o c i t y  dependence of 
t h e  c o l l i s i o n  p robab i l i t y .  Numerical i n t eg ra t ion  techniques p e r n i t  ana lys i s  of 
t h i s  i n t e g r a t e d  behavior f o r  t r -  1 forms of t h e  electron-cesium atom c o l l i s i o n  
p r o b a b i l i t y  v e l o c i t y  dependence. Various t r i a l  forms are se l ec t ed  on t h e  b a s i s  
of best estimates as t o  t h e  magnitude of t h e  c o l l i s i o n  p r o b a b i l i t y  and on t rends  
observed i n  experimental  data. These t r i a l  forms are then  subs t i t u t ed  i n t o  t h e  
i n t e g r a l  descr ib ing  t h e  e f f e c t i v e  c o l l i s i o n  frequency, Eq. 9, and numerical 
i n t e g r a t i o n  performed. For t h e  purpose of i l l u s t r a t i n g  the importance of proper 
averaging of t h e  c o l l i s i o n  p robab i l i t y ,  only a few of t h e  seventy-five odd t r i a l  
func t ions  in t eg ra t ed  t o  d a t e  are presented i n  Fig.  14. 

17 
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d The upper p l o t  i n  Fig. 1 4  p resen t s  c o l l i s i o n  p r o b a b i l i t y  as a func t ion  of 
e l e c t r o n  ve loc i ty .  The lower curve i s  the  in t eg ra t ed  c o l l i s i o n  p r o b a b i l i t y  
( e f f e c t i v e  normalized c o l l i s i o n  frequency) as func t ion  of e l ec t ron  temperature,  
The t r i a l  forms f o r  t h e  c o l l i s i o n  p r o b a b i l i t y  were chosen t o  co inc ide  with t h e  
d a t a  obtained i n  R e f ,  17 - 19, Note that t h e  in t eg ra t ed  values  of" curves a and 
b are almost i d e n t i c a l ,  even though t h e  c o l l i s i o n  p r o b a b i l i t y  v a r i a t i o n  a t  lower 
energ ies  i s  d r a s t i c a l l y  d i f f e r e n t  f o r  these two curvesB On t h e  o the r  hand, when 
t h e  high-energy end of t h e  c o l l i s i o n  p robab i l i t y  i s  modified, curve 
on t h e  average i s  q u i t e  s i g n i f i c a n t .  O f  i n t e r e s t  is  t h e  f a c t  t h a t  t h e  number of" 
e l e c t r o n s  i n  a Maxwellian d i s t r i b u t i o n  a t  a temperature of 2500°K, having 
v e l o c i t i e s  less than  and g r e a t e r  than  t h e  v e l o c i t i e s  corresponding t o  t h e  po in t  
where t h e  c o l l i s i o n  p r o b a b i l i t y  dev ia t e s  from t h e  common por t ion  of curves a, b, c 
is  approximately t h e  same., 

' However, a t  2500°K on t h e  lower curve, the  e f f e c t i v e  c o l l i s i o n  frequency i s  
uneffected by t h e  low-energy devia t ion  of t h e  c o l l i s i o n  p r o b a b i l i t y  bu t  i s  
e f f ec t ed  by t h e  dev ia t ion  a t  higher  energy, 
be i l l u s t r a t e d  by t h e  use of other  t r i a l  functions., The important p o i n t  i s  t h e  
f a c t  t h a t  i n t e g r a l s  of t h e  type descr ibing t h e  e f f e c t i v e  c o l l i s i o n  frequency do 
not  n e c e s s a r i l y  weight t h e  c o l l i s i o n  p robab i l i t y  ( c r o s s  s e c t i o n )  a t  t h e  most 
probable e l e c t r o n  v e l o c i t i e s ,  as i s  so  of ten assumed. 
p r o b a b i l i t y  i s  assumed t o  be constant  and an average value assumed, 
t h e  e f f e c t i v e  c o l l i s i o n  frequency i s  ca lcu la ted  and presented f o r  an assumed 
cons tan t  value of 1400 f o r  t h e  c o l l i s i o n  probabi l i ty .  The r e s u l t  d i f f e r s  from 
those  previous ly  presented by a f a c t o r  of 3 a t  2500°K, as can be seen from t h e  
s c a l e  on t h e  r i g h t  s i d e  of t h e  f i g u r e ,  even though an average value of 1400 may 
seem t o  be a reasonable  estimate f o r  t h e  c o l l i s i o n  p r o b a b i l i t y  curves  used i n  
t h e  c a l c u l a t i o n  of e f f e c t i v e  normalized c o l l i s i o n  frequency. 
previous examples serve t o  po in t  out  t h e  importance of proper averaging of t h e  
c o l l i s i o n  p r o b a b i l i t y  and t h e  e f f e c t  t h a t  t h i s  averaging can have on t h e  
determinat ion of t h e  e f f e c t i v e  c o l l i s i o n  frequency and plasma t r a n s p o r t  p r o p e r t i e s ,  

t h e  e f f e c t  

These v e l o c i t i e s  are designated by v1 and v i n  Fig,  14, 2 

Exactly t h e  opposi te  behavior could 

Occasionally, t h e  c o l l i s i o n  
I n  Fig. 14, 

This  and t h e  

Experiments i n  t h e s e  low-energy (0  - 1 e V )  ranges usua l ly  measure 8 parame%er 
which i s  similar t o  t h e  prev ious ly  defined e f f e c t i v e  c o l l i s i o n  frequency (Eqo 9 > 0  
I n  order  t o  ob ta in  an e f f e c t i v e  c ross  sect ion,  t h e  c o l l i s i o n a l  paramet>er i s  
normalized wi th  r e spec t  t o  atom d e n s i t y  and divided by t h e  most probable e l e c t r o n  
v e l o c i t y  f o r  a given e l ec t ron  temperature, 
weighting of t h e  i n t e g r a l  descri .bing t h e  c o l l i s i o n a l  process  occurs at the most 
probable v e l o c i t y  which i s  not  always t r u e ,  
t h e  e l e c t r o n  temperature va r i a t ion  of t n e  e f f e c t i v e  c o l l i s i o n a l  parameter i s  
dependent on t h e  t h e o r e t i c a l  formulation necessary t o  descr ibe  t:te p a r t i c u l a r  
phys i ca l  system and on t h e  experimental .techniques .used %o masure .the p r o p e r t i e s  
of t h e  system, 
t h e  a c t u a l  v e l o c i t y  dependent c o l l i s i o n  frequency, bu t  r a t h e r  i s  defYned fo r  
convenience t o  represent  t h e  ove r -a l l  e f f e c t  of col l i . s l .ons on a par t l .cu1ar  measire-. 
ment. Consequently, t h e  manner i n  which the a c t u a l  c o l l i s i o n  frequency i s  averaged 

This  approach assames tha5  %he heav ie s t  

O f  more imporkance i s  the f a c t  t h a t  

The coll i .si .ona1 parameter i.s not a .unique p l a s m  proper ty?  as 1.s 

18 
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and t h e r e f o r e  t h e  measured "e f f ec t ive"  c o l l i s i o n  frequency i s  dependent; on the  
type of experiment from which t h e  da t a  was obtained. Misunderstanding of t h i s  
p a r t i c u l a r  po in t  i s  l a r g e l y  respons ib le  for  t h e  l a c k  of agreement i n  average 
c ross -sec t ion  measurements i n  t h e  range of a f e w  t e n t h s  of an eV. Only i n  t h e  
case of constant  c o l l i s i o n  frequency 
v e l o c i t y )  do a l l  t h e  e f f e c t i v e  forms of the c o l l i s i o n  parameter reduce t o  the 
same value and represent  t h e  t r u e  c o l l i s i o n  frequency. 

dependence of c ros s  sec t ion  on e l e c t r o n  
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I 

Outl ine of Resea.rch for the Next Six-Month Period 

1. R . f .  conduct iv i ty  probe measurements w i l l  be ma.de so tha.t  an independent 

check on t h e  r a t i o  of cu r ren t  densi ty  t o  e l e c t r i c  f i e l d  can be obtained.  

2 .  E l e c t r o s t a t i c  probe mea,surements w i l l  be continued i n  o rde r  t o  determine 

t h e  normalized e f f e c t i v e  c o l l i s i o n  frequency which i s  used i n  the  determina.- 

t i o n  of  t h e  c o l l i s i o n  p r o b a b i l i t y .  
~ 

I '  
I 3. Analysis of trial func t ions ,  which pasa. l le ls  t h e  experimental  program, 

I 

i '  w i l l  be continued with empha.sis on the s p e c i f i c  d e t a i l  of t he  t r i a . 1  

func t ions  i n  an e f f o r t  t o  accura te ly  determine t h e  electron-atom 

I .  c ro s s  s e c t i o n  f o r  momentum t r a n s f e r  a.s a. func t ion  of e l e c t r o n  ve loc i ty  

20 
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The Determination of  Cesium Ion Mobi l i t i e s  from 
Low-Energy Cesium Ion-Atom Cross Sections* 

by R .  H .  B u l l i s  
United Aircra . f t  Corpora.tion Resera.ch Laboratories,  Ea.st Ha.rtford, Connecticut 

A b s  t ra.c t 

Low-energy cesium ion-a.tom t o t a l  c o l l i s i o n  c ros s  sec t ions  ha.ve been measured over  
an energy range of  0.12 t o  9.7 e V  i n  a. modified Ramsa.uer c ross -sec t ion  experiment i n  
which s i g n i f i c a n t  per turba, t ions,  ca.used by conta.ct potent ia .1  e f f e c t s ,  ha.ve been 
elimina.ted by employing an electroformed c o l l i s i o n  chamber. The r e s u l t s  of t h i s  
inves t iga , t ion  were i n i t i a . l l y  repor ted  a t  the Thermionic Conversion Spec ia . l i s t  Conference 
i n  Gatlinburg, Tennessee, i n  October 1963 .l 
informa.tion ha.s been made t o  determine t h e  d i f fus ion  cross s e c t i o n  of cesium ions i n  
cesium vapor. The calcula . ted d i f fus ion  cross  sec t ion  i s  rela . ted t o  a. mob i l i t y  which 
i s  a.mea.ningfu1 parameter i n  t h e  ana. lysis  of l o s s  rates of i ons  from d i f f u s i o n  
dominated p1a.sma.s. Also a b r i e f  descr ip t ion  i s  presented of t he  techniques which 
can be employed t o  t a k e  i n t o  acT3unt t h e  inf luence of  t h e  v e l o c i t y  of  t h e  ta . rget  
cesium a.tom on t h e  extremely low-energy cross-sect ion informa.tion. The ca. lculated 
a.tomic cesium ion m o b i l i t i e s  a.re r e h t e d  t o  o t h e r  mobi l i ty  mea,surements repor ted  
i n  t h e  1 i t e r a . t u r e  and m o b i l i t i e s  determined from e x t r a p o h t i o n s  of high-energy cha.rge 
excha.nge c ross -sec t ion  informa,tion ma.de by Sheldon .2 

Fur ther  a.na.lysis of t h i s  c ross -sec t ion  

I 

Introduct ion 

To obta.in a. complet,e understa,nding of t h e  p rope r t i e s  of t h e  neut raLiza t ion  
plasma tha. t  e x i s t s  i n  a,rc-mode conver te rs ,  t h e  l o s s  ra.te of ions  from the  plasma 
must be a.ccura.tely known so t h a t  estima.tes can be ma.de of t h e  production ra. te of 
i ons  r equ i r ed  t o  susta , in  the  enhanced degree of  ioniza. t ion I 

The t o t a l  c o l l i s i o n  c ros s  sec t ion  of cesium ions with cesium atoms has been 
measured i n  a modified Bamsauer c o l l i s i o n  c r o s s - s e c t i m  experiment. i n  which con- 
t a c t  p o t e n t i a l  e f f e c t s  have been el iminated from t h e  measurements by t h e  use of 
an electroformed c o l l i s i o n  chamber. 
f i e l d s  on t h e  o rde r  of m i l l i v o l t s  p e r  em can s i g n i f i c a n t l y  pe r tu rb  t h e  t r a j e c t o r y  
of  a cesium ion  i n  a m a g n e t i c  f i e l d  giving rise t o  spurious experimental  r e s u l t s .  
Therefore ,  t h e  bas i c  concept employed i n  these t o t a l  c o l l i s i o n  c ross -sec t ion  
measurements was t o  c r e a t e  a f i e l d - f r e e  region i n  which t h e  energy of  t he  ion 
beam could be uniquely determined and i n  which the  i n t e r a c t i o n  of the  cesium 
ion  beam with n e u t r a l  cesium atoms could take p l ace .  Ey electroforming t h e  

A t  energy l e v e l s  below 1 . 0  e V ,  e l e c t r i c  

*_Portions of t h i s  work vere SUppOrted by t.hp Nat,ional Aeronautics and Space Administration 
under Contra.ct NASr-112 and Contract  MS3-4171. 
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c o l l i s i o n  chamber of copper and by cont ro l l ing  the g r a i n  s i z e  of t h e  copper p l a t e  
on t h e  inne r  sur face  of t h e  chamber, s ign i f i can t  pe r tu rba t ions  of t h e  t r a j e c t o r y  
of t h e  ion beam, a s  it passed through t h e  c o l l i s i o n  chamber due t o  contac t  p o t e n t i a l  
o r  thermoelec t r ic  e f f e c t s  were e l imina ted .  The geometry of t h e  c o l l i s i o n  chamber 
a s  shown schematical ly  i n  F ig .  1, served t o  uniquely def ine  t h e  rad ius  of  curva ture  
of t h e  ion beam i n  t h e  magnetic f i e l d .  Three po in t s  of c o n s t r a i n t  of  t h e  ion  beam 
defined by the  geometry of the COlliSiOn chamber a r e  the  en t rance  and exit  s l i t s  
and t h e  c o n s t r i c t e d  po r t ion  i n  t h e  c e n t e r  o f  t h e  chamber. The energy of  t h e  
ion  beam passing through t h e  chamber was then determined from a knowledge o f  t he  
magnitude of t he  appl ied  magnetic f i e l d  and t h e  rad ius  of curva ture  determined by t h e  
c o l l i s i o n  chamber geometry. Re-entrant s l i t s  were employed on t h e  c o l l i s i o n  chamber 
t o  prevent t h e  pene t r a t ion  i n t o  t h e  chamber of per turb ing  e l e c t r i c  f i e l d s  produced 
i n  o t h e r  p a r t s  of  t h e  system. A more de ta i l ed  desc r ip t ion  of t h e  complete system, 
a s  w e l l  a s  t h e  techniques employed t o  obtain t h e  t o t a l  c o l l i s i o n  c ross -sec t ion  
information,  i s  presented i n  R e f .  1. From a knowledge of t h e  measured t o t a l  c o l l i s i o n  
c r o s s  sec t ion ,  which i s  dependent on the  geometry of t h e  c o l l i s i o n  chamber, i t  i s  
poss ib l e  t o  determine t h e  magnitude of t he  charge exchange c ross  sec t ion  by completely 
c l a s s i c a l  techniques.  The charge exchange c r o s s  sec t ion  can then  be r e l a t e d  t o  
t h e  d i f fus ion  c ross  sec t ion  which i s  used i n  the  c a l c u l a t i o n  of  ion  m o b i l i t i e s .  

I 

Descript ion o f  the Measurements 

The t o t a l  c o l l i s i o n  c ros s  sec t ion  was determined by measuring the  a t t enua t ion  
of t h e  ion  beam produced by inc reases  i n  the n e u t r a l  cesium pressure  i n  the  c o l l i s i o n  
chamber. The ion beam cur ren t  e x i t i n g  the  c o l l i s i o n  chamber f o r  a p a r t i c u l a r  chamber 
pressure  and ion beam energy i s  r e l a t e d  t o  t h e  ion  beam cur ren t  which ex i t s  t h e  
chamber for e s s e n t i a l l y  zero cesium pressure i n  t h e  chamber by t h e  fol lowing expression:  

( [ - - I )  
-PoPtX 

I = Ioe 

where 
1, i s  t h e  ion  beam cur ren t  e x i t i n g  the chamber f o r  zero cesium pressure  

i n  t h e  chamber 
I i s  t h e  ion beam cur ren t  e x i t i n g  the chamber f o r  a f i n i t e  cesium 

pressure  i n  t h e  chamber 
po i s  t h e  cesium pressure  i n  t h e  c o l l i s i o n  chamber reduced t o  273OK,  
Pt  i s  t h e  t o t a l  c o l l i s i o n  p robab i l i t y  which i s  t h e  nwnber of  c o l l i s i o n s  

p e r  ern o f  pa th  p e r  am of  pressure 
x i s  t h e  pa th  l eng th  of t h e  ion  beam i n  t h e  c o l l i s i o n  chamber 

I n  t h i s  measurement, Pt i s  t h e  t o t a l  c o l l i s i o n  p r o b a b i l i t y  which i s  composed 
of resonance charge exchange i n t e r a c t i o n s  a s  w e l l  a s  e l a s t i c  s c a t t e r i n g  even t s .  
The geometry of t h e  c o l l i s i o n  chamber was such t h a t  any c o l l i s i o n  event which 
produced a d e f l e c t i o n  of  t h e  ion  beam of  greater than 0.0074 rad ians  i n  t h e  labora-  
t o r y  system was de tec ted .  Therefore,  t o  r e l a t e  t h i s  beam d a t a  t o  the  e f f e c t i v e  
mob i l i t y  of a cesium ion,  both t h e  minimum d e f l e c t i o n  angle  f o r  de t ec t ion  and 
t h e  f a c t  t h a t  both resonant  charge exchange and e l a s t i c  s c a t t e r i n g  events  were 
de tec t ed  i n  these  measurements have t o  be taken i n t o  account i n  t h e  a n a l y s i s .  

1-2 



Ana.lysis of t he  Cross-Section Informa,tion 

Sheldon3 has  shown by c l a s s i c a l  techniques t h a t  it i s  poss ib l e  t o  c a l c u l a t e  
both  t h e  d i f f e r e n t i a l  a s  w e l l  a s  t h e  t o t a l  c o l l i s i o n  c ros s  sec t ion  of cesium ions  
i n t e r a c t i n g  with cesium atoms. 
h e r e i n  s o  t h a t  t he  techniques employed t o  ex t r ac t  t h e  charge exchange cross -sec t ion  
information from t h e  measured t o t a l  c o l l i s i o n  c ros s  sec t ion  can be c l e a r l y  under- 
s tood ,  
t i o n  of t h e  a c t u a l  c l a s s i c a l  a n a l y s i s .  

A brief ou t l ine  of t h e  Sheldon a n a l y s i s  i s  presented  

Sheldon 's  t h e s i s  ( R e f  * 3) should be consul ted f o r  a more d e t a i l e d  descr ip-  

By t r ea . t i ng  t h e  pa . r t i c l e  o r b i t  c la .ss ica . l ly  and determining t h e  cha.rge exchange 
proba ,b i l i ty ,  Po, by the  impa.ct pa.rameter method of D e m k o ~ , ~  t h e  d i f f e r e n t h l  cha.rge 
exchange c r o s s  sec t ion ,  ex ( € , 8  ), can be determined from t h e  fol lowing equa.tion 

where 
e(€, 8 

8 

Po 

i s  t h e  t o t a , l  cla.ssica.1 sca. t ter ing c ros s  sec t ion  
i s  the a.ppa.rent s ca , t t e r ing  angle i n  t h e  c e n t e r  of  mass 
coordinate  system 
i s  t h e  cha.rge excha.nge probabi l i ty  which i s  zero f o r  
e l a . s t i c  c o l l i s i o n s  and ranges from zero t o  one with 
a.n a.verage va.lue o f  a,pproxima,tely 1/2 f o r  cha.rge exchasge 
c o l l i s i o n s .  Therefore,  i n  t h i s  a.na.lysis Po i s  e i t h e r  
1/2 o r  zero.  

Then e e  ( E ,  8 ) which i s  the  a .c tual  e l a s t i c  sca.t terine; c ros s  sec t ion  can be 
det,ermined f1.m the  re la , t ion  

The t o t a l  c l a s s i c a l  s c a t t e r i n g  c ros s  sect ion i s  given by 

b db 
sin8 d8 

e k , B )  = - -- 

where 
b i s  t h e  impa.ct parameter which produces a sca . t te r ing  angle  8 i n  

t h e  c e n t e r  of mass system. 

(1-4) 

The two-par t ic le  cesium problem can be genera.l ized t o  a. hypothet ica , l  s ing le -  
p a r t i c l e  sca.t t ,ering problem s The conserva,tion of energy and momentum f o r  t he  one- 
p a r t i c l e  system can be wr i t t en  i n  po1a.r coordina.tes i n  t h e  form 

( 1 - 5 )  
I I 

E,= - p ( ? t  2 r2+') t U ( r )  = 2 p u2  = cons t .  

and 
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where 

s 

r and #I a r e  po la r  coordinates of the p a r t i c l e .  . 
These equations combine t o  give t h e  following equation of motion 

‘ 2  
2 where E = - mu 

For t h e  case of cesium, the  p o t e n t i a l  func t ion ,  U ( r  1, has h e  form sugeested 
by MargenauS 

where 

e2a u =  - 
2 (1-9) 

and 
Q i s  t h e  p o l a r i z a b i l i t y  of C s ,  and 
e i s  t h e  e l e c t r o n i c  charge. 

The c l a s s i c a l  s c a t t e r i n g  c ros s  section due t o  a p o l a r i z a t i o n  p o t e n t i a l ,  which 
can be obtained from t h i s  formulation has the  form 

where 

K ( k )  ,B(k) are complete e l l i p t i c  i n t e g r a l s  of t h e  f i r s t  kind 

and r,,rOare r o o t s  of t h e  equation 
K = r, /ro 

The angular dependence i s  introduced i n  t h e  form 

e = 2 J 7  I + k  K ( k ) -  TT 

Eq.  (1-10) then  becomes genera l ized  i n  the form of 

(1-10) 

(1-11) 

(I -12) 

(1 -1.3 ) 

which i s  the  c l a s s i c a l  d i f f e r e n t i a l  s c a t t e r i n g  c ros s  sec t ion  due t o  a p o l a r i z a t i o n  
p o t e n t i a l .  
exchange c r o s s  s e c t i o n  ux ( E ,  8 ) s i n  8 and t h e  d i f f e r e n t i a l  e l a s t i c  s c a t t e r i n g  
c r o s s  s e c t i o n  ce ( E ,  8 ) s i n  8 . Being a b l e  t o  p r e d i c t  t he  d i f f e r e n t i a l  e l a s t i c  

This c ros s  sec t ion  can then be used t o  determine t h e  d i f f e r e n t i a l  charge 
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s c a t t e r i n g  c ross  sec t ion ,  as it w i l l  be shown l a t e r ,  i s  t h e  key t o  t h e * a n a l y s i s  
used t o  determine the  charge exchange cross sec t ion  from the  measured t o t a l  c o l l i -  
s ion  c ros s  sec t ions .  
d i f f e r e n t i a l  s c a t t e r i n g  c ross  sec t ion ,  i t  i s  poss ib l e  t o  c a l c u l a t e  the  a c t u a l  
d i f f e r e n t i a l  e l a s t i c  s c a t t e r i n g  cross  sect ion and the d i f f e r e n t i a l  charge 
exchange c ross  sec t ion ,  as shown typ ica l ly  i n  Fig.  2. The t o t a l  s c a t t e r i n g  c ros s  
sec t ion ,  which includes e l a s t i c  as wel l  as charge exchange events ,  corresponds 
t o  the  t o t a l  a r e a  under t h i s  curve.  To determine the  d i f f e r e n t i a l  e l a s t i c  
s c a t t e r i n g  po r t ion  of th i s  curve,  the  value of the  p o l a r i z a b i l i t y ,  CI , must be 
known t o  determine the  d i f f e r e n t i a l  charge exchange c ross  sec t ion .  The c r i t i c a l  
angle  f o r  cutoff  t h a t  corresponds t o  t h e  l a r g e s t  impact parameter f o r  which 
charge exchange can occur must be known. This  c r i t i c a l  angle which i s  energy 
dependent can be determined from a knowledge of the  energy dependence of t he  
high-energy charge exchange cross-sect ion d a t a .  

From Eqs .  (1-2) and (1-3) and a knowledge of the  c l a s s i c a l  

I n  the  a c t u a l  measurement of the  t o t a l  c o l l i s i o n  c ross  sec t ion ,  the  minimum 
s c a t t e r i n g  angle  t h a t  can be de tec ted  by the system must be taken i n t o  account 
i n  the  i n t e r p r e t a t i o n  of the  cross-sect ion information.  Sheldon has  denoted 
t h i s  angle  as 8 ,  
t h e  r e s o l u t i o n  of the  system must be such t h a t  eM> 8” where 
and Mohr,‘ can be approximated by 

. For a completely c l a s s i c a l  ana lys i s  of t he  data t o  be v a l i d ,  
8” , according t o  Massey 

(I -14) 

where 

i s  t h e  deBroglie wavelength of the c o l l i d i n g  p a r t i c l e s  
p = m,m2/m, + m2 t h e  reduced mass 
V i s  t h e  i n i t i a l  r e l a t i v e  ve loc i ty  

ro 

For systems with r e so lu t ions  below the c r i t i c a l  angle ,  

i s  t h e  c h a r a c t e r i s t i c  molecular dimension 

8” , t he  uncer ta in ty  i n  
the  p o s i t i o n  of t he  p a r t i c l e  i s  g rea t e r  than the  r e s o l u t i o n  of t he  system, and 
the re fo re ,  t h e  c ross -sec t ion  information cannot be i n t e r p r e t e d  on an e n t i r e l y  
c l a s s i c a l  b a s i s  

For cesium ion-atom cross-sec t ion  measurements, t h i s  c r i t i c a l  angle  f o r  
l n t e r a c t i o n  energ ies  of 0.12 eV i s  s l i g h t l y  l e s s  than the  r e s o l u t i o n  of the  
system employed i n  t h e  measurements. 
of t h e  system can be v iv id ly  evaluated by r e f e r r i n g  t o  Fig.  2, i n  which the  
d i f f e r e n t i a l  e l a s t i c  s c a t t e r i n g  c ross  sect ion i s  p l o t t e d  f o r  an energy of 0.025 e V .  
A s  6, 
decreases  t o  zero,  t h e  p red ic t ed  d i f f e r e n t i a l  c ros s  sec t ion  on a c l a s s i c a l  b a s i s  
approaches i n f i n i t y  . Theref ore ,  the  minimum de tec t ab le  s c a t t e r i n g  angle ,  , 
must be taken i n t o  account very ca re fu l ly  i n  order  t o  accura te ly  p r e d i c t  the  
c o r r e c t  magnitude of t he  t o t a l  c o l l i s i o n  cross sec t ion  de tec ted  by experimental  
measurements. By the  same token, the d i f f e r e n t i a l  charge exchange c ross  sec t ion ,  
r r L 4  w l l L ~ h  ?, 

t i o n  of t he  system. 

The s ign i f i cance  of t he  minimum reso lu t ion  

, t h e  r e so lu t ion  of the  system or t h e  minimum de tec t ab le  s c a t t e r i n g  angle  

i s  e s s e n t i a i l y  large-angle  sca t t e r ing ,  i s  unaffected by t h e  minimum reso lu -  
The t o t a l  a r e a  under the  d i f f e r e n t i a l  c ros s - sec t ion  curve,  

1-5 



shown i n  F ig .  2 ,  r ep resen t s  t h e  t o t a l  c o l l i s i o n  c ros s  sec t ion  which inc ludes  charge 
exchange in t e ra , c t ions .  Sheldon has  eva.luated t h e  ma,gnitude of t h i s  a r ea  i n  t h e  
fol lowing manner 

77 774; 

D ~ ( E , ~ )  = 2n-[%(E,8)sin8d8 + 2rr[ox (c,8)sin 8 d 8  ( 1 ~ 1 5 )  
J 
8, 

8~ i s  t h e  a.ngular r e so lu t ion  oI" t h e  system, and 

8; i s  the  cu to f f  a.ngle which i s  t h e  pa . r t i c l e  s ca . t t e r ing  a.ngle corresponding 
t o  t h e  1a.rgest  impa.ct pa.rameter for which cha.rge excha,nge cam occur .  

If it i s  requi red  tha.t  8M<8h 

0; ( E ,  eM) = 

then  

uT( ~ , 8 , )  = 2-rrbdb = r b ;  J 0 bM" 
which 1ea.ds t o  

(1-16) 

(I r17) 

(1-18) 

f o r  t h e  condi t ion  of 8, smal l .  

Therefore ,  t h e  mea.sured t o t a , l  c o l l i s i o n  c ros s  sec t ion  can be determined i n  
t h i s  manner with t h e  only c h a r a c t e r i s t i c  a.tomic parameter requi red  i n  t h e  p r e d i c t i o n  
being t h e  p o l a r i z a b i l i t y ,  CY , i f  the  condition i s  m e t  tha.t  8, < 8; . 
dependent on energy, t h e  a.ssumption tha, tOM< eC holds  f o r  t h e  complete energy range 
of any mea.surement must be c a r e f u l l y  invest iga. ted.  The e r r o r  caused i n  t h e  d e t e m i n a -  
t i o n  of  t h e  to ta .1  c o l l i s i o n  c ross  sect ion ca.n be very s i g n i f i c a n t  if  t h i s  condi t ion  
i s  not  m e t .  

S ince 8; i s  
I 

The expression der ived by Sheldon t o  p r e d i c t  t h e  va.lue of t h e  c r i t i c a . 1  a.ngle 
of cu to f f  i s  given by t h e  following: 

e; = 3r r3V  
8e(A - B l n ~ ) ~  

where 
A and B a.re cons tan ts  der ived on t h e  ba.sis of t h e  beha.vior of  high-energy 

charge exchange c ross  - see t ion inf0rma.t i o n .  

0 0 
Using t h e  values  of A = 27.2 A and B = 1.53  A a s  der ived from t h e  r epor t ed  

high-energy charge exchange information oCMarino, e t  a l , 7  and a value of 
a = 52.3 x3 a8 determined from t h e  very accura te  p o l a r i z a b i l i t y  measurements 
of Salop, e t  a l ,  t h e  c r i t i c a l  cu tof f  angle can be determined. The c r i t i c a l  
angle  f o r  cutoff  f o r  t o t a l  c o l l i s i o n  cross sec t ion  measurements i n  cesium over  
t h e  energy range of 0 .1  t o  10 e V  ranges from 4 x 10" rad ians  a t  0.1 e V  t o  1 . 4  x 10-3 
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rad ians  a t  10 eV. Therefore, f o r  t h e  t o t a l  c o l l i s i o n  c ross -sec t ion  measurements 
conducted i n  t h i s  present  experiment, t he  condi t ion t h a t  OM< i s  not  met f o r  
t he  e n t i r e  energy range. 
can t  changes i n  the  pred ic ted  t o t a l  c o l l i s i o n  c ros s  sec t ion  based on Eq. (1-18) 
would occur f o r  the condi t ion where 8, > 8; 

. 
I n  d iscuss ions  with Sheldon9 i t  was agreed t h a t  s i g n i f i -  

Subsequently, Sheldon9 has der ived a co r rec t ion  f a c t o r  t o  account f o r  t h i s  
condi t ion which r e s u l t s  i n  a term of the  form 

‘.L[&-,] 2 (1-20) 

This term should be mul t ip l i ed  by the  pred ic ted  t o t a l  c o l l i s i o n  c ross -sec t ion  
value of Eq. (1-18) t o  obta in  an est imate  of the  t o t a l  a r e a  under the  curve of 
F ig .  2, which represents  the  measured t o t a l  c o l l i s i o n  c ros s  sec t ion .  

A comparison of t he  experimentally measured c ross  sec t ion  with the  t h e o r e t i c a l  
r e s u l t s  p red ic t ed  on the  b a s i s  of t h i s  ana lys i s  i s  shown i n  Fig.  3. The agreement 
between the  p red ic t ed  and the  experimentally measured c ross  sec t ion  i s  b e t t e r  
a t  high energ ies ,  as can be seen from t h i s  f i g u r e .  It should be remembered t h a t  
the  magnitude of t he  p red ic t ed  t o t a l  cross  sec t ion  i s  extremely s e n s i t i v e  t o  
t h e  magnitude of t he  c r i t i c a l  cu to f f  angle which i s  p red ic t ed  t h e o r e t i c a l l y  
on t h e  b a s i s  of t he  energy dependence of the high-energy charge exchange cross -  
s ec t ion  information.  A t  low energ ies  po la r i za t ion  e f f e c t s  can become appreciable ,  
and as a r e s u l t ,  t he  c r i t i c a l  angle  f o r  cu tof f ,  p red ic t ed  on the  b a s i s  of the 
energy dependence of t h e  high-energy charge exchange cross -sec t ion  information, 
can be s i g n i f i c a n t l y  d i f f e r e n t  from the  ac tua l  c r i t i c a l  cu tof f  angle .  

Determination of the  Charge Exchange Cross Sect ion  

A s  has been ou t l ined  i n  t h e  previous sec t ion ,  t he  neasured t o t a l  c o l l i s i o n  
c r o s s  sec t ion  shown i n  Fig.  3 i s  comprised of e l a s t i c  s c a t t e r i n g  events  as wel l  
as charge exchange encounters.  The reso lu t ion  of t he  c o l l i s i o n  chamber determines 
t h e  minimum angle  of de f l ec t ion  counted i n  these  measurements as a s c a t t e r i n g  
event .  A s  shown i n  Fig.  2, t he  d i f f e r e n t i a l  e l a s t i c  s c a t t e r i n g  c ros s  sec t ion  
inc reases  r a p i d l y  as the  minimum detec tab le  s c a t t e r i n g  angle  decreases .  The 
minimum r e s o l u t i o n  of t he  c o l l i s i o n  chamber used i n  these  s t u d i e s  was 0.0074 ra- 
d ians .  Therefore,  t he  cont r ibu t ion  of e1zst:i.e s c a t t e r i n g  events  t o  the  t o t a l  
c o l l i s i o n  c ros s  sec t ion  i s  TT times the  a rea  under the  d i f f e r e n t i a l  e l a s t i c  
s c a t t e r i n g  c ross -sec t ion  curve between 8 = 0.0148 rad ians  and TT rad ians  as 
shown i n  t h e  i n s e t  of F ig .  2. The e l a s t i c  s c a t t e r i n g  c ros s  sec t ion  can a l s o  
be  represented  by the  i n t e g r a l  

ce(-,(E,8M, = 2 7  ( I -P~)  c ( E , 8 ) S i n Q d O  (1-21) r 8, 

Shown i n  F ig .  4 i s  the  v a r i a t i o n  with energy i n  the  magnitude of the  e l a s t i c  
s c a t t e r i n g  con t r ibu t ion  t o  t h e  t o t a l  c o l l i s i o n  c ross  sec t ion .  This value 
i s  only a po r t ion  of the  t r u e  t o t a l  e l a s t i c  c o l l i s i o n  c ros s  sec t ion .  Once again 
it should be pointed ouL Liiat the  magnitude of t h e  e l a s t i c  s ca t t e r i i i g  events  
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. con t r ibu t ing  t o  t h e  measured to ta .1  c o l l i s i o n  c ros s  sec t ion  i s  s t rong ly  dependent 
on t h e  minimum sca . t te r ing  a,ngle which can be de tec ted  by t h e  geometry of  t h e  
c o l l i s i o n  chamber. The t o t a l  cha.rge excha.nge c ros s  sec t ion  cam be determined 
by subtra .c t ing from t h e  mea.sured t o t a , l  c o l l i s i o n  c ros s  sec t ion  t h e  con t r ibu t ion  
due t o  e l a s t i c  sca . t te r ing  events .  The charge exchange c ross  sec t ion ,  which i s  
predominantly h r g e  angle sca . t te r ing ,  i s  not  subjec t  t o  co r rec t ions  due t o  
t h e  f i n i t e  r e so lu t ion  of t h e  system. I n  o rde r  t o  extra ,c t  t h e  charge exchange 
informa,tion from t h e  measured to ta .1  c o l l i s i o n  c ross -sec t ion  informa,tion, t h e  
p o h r i z a b i l i t y  of cesium a.s mea.sured by Salop, e t  a,l,8 i s  t h e  only a.tomic 
pa.rameter which must be known. Shown i n  F i g .  5 i s  t h e  value of  t h e  cha.rge 
exchange c r o s s  sec t ion  determined by t h i s  technique.  

The energy dependence of t h e  charge exchange c ross  s e c t i o n  has  a. form 
which can be a.pproxima,ted by 

A 
D x =  (1-22) 

where 
A i s  a. cons tan t  with a. value of 2300 R 2ev1/3 

Mobil i ty  Determination 

By us ing  t h e  semic1a.ssica.l vers ion of  t h e  quan ta l  theory presented  by 
Hols te in  and Da.lga,rno,10 it ca.n be shown t h a t  t h e  d i f fus ion  c r o s s  sec t ion  of 
a.n ion  moving i n  i t s  parent  gas  i s  twice the  c ros s  sec t ion  f o r  t h e  resonance 
cha.rge t r a n s f e r  process .  
i n  F i g .  6 i s  t h e  var ia . t ion of t h e  d i f fus ion  c ross  sec t ion  with energy .  It i s  
t h i s  c r o s s  sec t ion  which should be used t o  determine t h e  mob i l i t y  of a, cesium 
i o n .  I n  t h e  ca.se of arc-mode thermionic conver te rs ,  t h e  e f f e c t i v e  mob i l i t y  
of t h e  a.t.omic ions  e x i s t i n g  i n  t h e  pla.sma. can be determined by in tegra . t ing  t h e  
mea.sured d i f f u s i o n  c ross  sec t ion  over  the ion energy d i s t r i b u t i o n .  A s  ou t l i ned  
by Sheldon, l l  t h e  mobi l i ty ,  p 

This  r e s u l t  ha.s a l s o  been der ived  by Sheldon.3 Shown 

, ca.n be determined by 

( I-?3 ) 3 f i  .e I 
p - T J m E  

where 
m i s  t h e  ion o r  a.tom ma.ss and 

U 

The value of t h e  ion  mobi l i ty  determined from these  measurements i s  0.011 crn2/Vsec. 
The express ion  used t o  c a l c u l a t e  t he  mobil i ty  i n  the  low-f ie ld  l i m i t  was der ived  
by Holstein.12 
between c o l l i s i o n s  be s m a l l  i n  comparison t o  t h e i r  mean thermal  energy. For 
t h e  case o f  t h e  conver te r ,  e l e c t r o s t a t i c  probe measurements, R e f .  13, i n d i c a t e  
t h a t  f i e l d  s t r eng ths  i n  t h e  emi t te r  sheath range from 300 - 1500 v o l t s  p e r  meter .  
The t y p i c a l  iGn mean f r e e  pa th  i s  =n the order  o f  cm f o r  a conver te r  opera t ing  
a t  a p re s su re  of 1 mm. The energy r w i n  p e r  c o l l i s i o n  f o r  t h i s  condi t ion  is  

The low-f ie ld  l i m i t  r equi res  t h a t  t h e  energy ga in  of  t h e  p a r t i c l e s  

T -8 
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. obviously extremely small  i n  compa,rison t o  t h e  mea.n therma.1 energy of t h e  ions  
o r  ga.s a.toms i n  t h e  in t e re l ec t rode  spa.ce. Therefore ,  t h e  low-f ie ld  approxima,tion 
should d e f i n i t e l y  be va.l id under these  condi t ions .  

Correc t ions  - f o r  t h e  Target Ga.s Veloci ty  

A t  i on  beam energ ies  of 0.12 e V ,  the energy of t h e  ta . rge t  ga.s atoms i n  t h e  
c o l l i s i o n  chamber becomes agpreciable  i n  compa.rison t o  t h e  ion beam energy. Under 
these  condi t ions  a.n ana. lysis  presented by Russek14 must be used t o  c o r r e c t  t h e  
c ross -sec t ion  informa.tion f o r  t he  ve loc i ty  of t h e  ta . rge t  ga,s a.toms. The co r rec t ed  
c ros s  sec t ion  ca.n be expressed i n  t h e  following terms 

where 
f(v$ i s  the  d i s t r i b u t i o n  func t ion  o f  t.he v e l o c i t i e s  of t h e  t a r g e t  gas  

a.toms 

1abora.tory frame 
i s  t h e  c ros s  sec t ion  i n  the  center  of m a s s  f r a m e  
i s  t h e  Ja.cobian t ransfommtion from t h e  c e n t e r  of mass t o  1abora.tory 
co0rdina.t e s ys t e m  

a i s  t h e  angle  between t h e  ta.rget and t h e  p r o j e c t i l e  ve loc i ty  i n  t h e  

Russek15 ha.s found tha.t  so lu t ions  t o  Eq. (1-25) a.re va.l id a.s long a s  t h e  
v e l o c i t y  of t he  ta . rge t  ga.s a.tom i s  not  equal  t o  o r  grea . te r  than t h e  ve loc i ty  of  
t h e  p r o j e c t i l e .  For t h e  ca.se of a, d i s t r i b u t i o n  of ta . rge t  ga.s v e l o c i t i e s ,  t h e  
s o l u t i o n s  w i l l  be va. l id  u n t i l  a, s i g n i f i c a n t  po r t ion  of t h e  ta . rge t  a.toms ha.s v e l o c i t i e s  
equa.1 t o  o r  grea. ter  than  t h e  p r o j e c t i l e  v e l o c i t y .  
r e s o r t e d  t o  i n  o rde r  t o  obta,in a, solut ion f o r  t.he ca,se where the  ta . rge t  p a . r t i c l e s  
ha.ve a. Ma.xwel1ia.n d i s t r i b u t i o n  a s  i n  the ca.se of  t h e  present  c ros s - sec t ion  measure- 
ments. 

Numerica,l techniques ha.ve t o  be 

Cone lus ions  

The cesium ion  mobili t ,y can be determined from to ta .1  c o l l i s i o n  c ross -sec t ion  
measurements by employing completely cla.ssica.1 techniques t o  a.scerta. in t h e  
percentage of t h e  measured tota .1  c o l l i s i o n  c ros s  s e c t i o n  which i s  due t o  cha.rge 
exchange c o l l i s i o n s .  The charge excha.nge c ros s  sec t ion  determined from t h e  low- 
energy to t a .1  c o l l i s i o n  c ross -sec t ion  mea,surements ha.s been found t o  be h igher  
than  ex t rapola , t ions  of high-energy cha,rge excha.nge c ros s  sec t ions  presented  by 
Sheldon .I1 
c ross  s e c t i o n s  based on low-energy t o t a l  c o l l i s i o n  c ross -sec t ion  mea,surements i s  
presented  i n  F ig .  7 .  
t h e  e x t r a p o h t e d  va.lues of t h e  cha,rge excha.nge c ros s  sec t ion  a.t low energ ies ,  t he  
va . l i d i ty  of  t h e s e  c ross -sec t ion  va.lues i s  subjec t  t o  ques t ion .  A t  ene rg ie s  below 

A compa.rison between t h e  extra,pola.ted a.nd t h e  p red ic t ed  charge exchange 

Since t h e r e  i s  a.lmost a.n o rde r  of ma.gnitude va.ria.tion i n  

1-9 
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1 .O e V  p o h r i z a t i o n  e f f e c t s  , which a r e  extremely d i f f i c u l t  t o  include i n  t h e  extra . -  
p o h t i o n s  of  high-energy da.ta, can appreciably increase  t h e  cha.rge exchange c r o s s  
s e c t i o n .  Therefore,  due t o  pola.riza.tion e f f e c t s  t h e  charge excha.nge c ros s  s e c t i o n s  
determined from low-energy t 0 t a . l  c o l l i s i o n  c ros s - sec t ion  measurements could ea . s i l y  
be expected t o  be h igher  than  va.lues pred ic ted  on t h e  ba.s is  of high-energy extra.-  
po la t ions ,  even though a,ttempts ha.= been made t o  include i n  these  extra ,pola , t ions 
poia.riza.t ion e f f e c t s .  A s  a. r e s u l t  of tne r'a.ct tha. t  t n e  cha.rge exchange c ross  sec t ion  
determined on t h e  ba.sis of t hese  tota .1  c o l l i s i o n  c ross -sec t ion  mea,surements i s  h igher  
than t h e  extrapola , ted va.lues, t he  mobil i ty  determined from these  mea,surements i s  

informa,tion. A comparison can be ma.de of t h e  ca,lcula.ted value of mobi l i ty  determined 
from t h e s e  mea,surements of 0.011 cm2/Vsec with the  mobi l i ty  va.lues determined by 
Sheldon from extra,pola.t ions of  high-energy cha.rge excha.nge c ros s  sec t ions  which a r e  
presented  i n  F ig .  8 .  O f  seconda.ry importance i n  t h e  compa.rison of t h e  va.rious pre-  
d i c t e d  m o b i l i t i e s  i s  t h e  form of t h e  a,pproxima,tion of t h e  d i f fus ion  c ross  s e c t i o n  
used i n  theeva.lua.tion of t h e  a.verage d i f fus ion  c ross  sec t ion  (Eq.  1-24) 
a,pproxima,tion of d i f fus ion  c ross  sec t ion  by t h e  form A /= , which was used 
predomina,tely beca.use of t h e  ease i n  handling the  integra.1,  tends t o  weight t h e  
low-energy con t r ibu t ion  t o  t h e  c ross -sec t ion  va.lue more hea.vily than t h e  type of 
a,pproxima,tion used by Sheldon i n  Ref.  11. 

* 

I 

~ lower than  t h e  m o b i l i t i e s  ca1cula;ted from the  extra.pola,ted high-energy cha.rge exchange 

~ 

I The 

~ 

~ 

To accura t e ly  estima.te t h e  cesium ion  mob i l i t y  a.pplicable t o  conver te r  
condi t ions ,  t h e  e f f e c t i v e  mob i l i t y ,  which i s  e s s e n t i a . l l y  energy dependent, must 
be determined by i n t e g r a t i n g  t h e  d i f fus ion  c ross  sec t ion  over  t h e  ion  energy 

I 
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AVERAGLNG PROCESS 10 ACCGL'NT FQR RADIAL ELECTRON DENSITY V A R I A T I 2 N S  

i n  o rde r  t o  properly average the  current dens i ty  over  t ne  c r o s s  secrrion LX 
t h e  p o s i t i v e  column, t h e  r a d i a l  v a r i a t i o n  i n  e l e c t r o n  dens i ty  must  be taken i n t c  
account .  From Eq. 6 t h e  cur ren t  f low through t h e  p o s i t i v e  column can be wr i t t en  

L I - l  

where A i s  t h e  c ros s  sec t ion  of t h e  discharge tube .  For a r a d i a l  e l e c t r o n  dens i ty  
v a r i a t i o n ,  Eq.  11-1 becomes 

.LL-? 

where i n t e g r a t i o n  i n  t h e  c i r cumfe ren t i a l  d i r ec t i cn  has been c a r r i e d  out For I ? ~  ' *- 

approximated by  a parabol ic  d i s t r i b u t i o n ,  as i s  nea r ly  the  case (F ig .  7 : ,  E q .  
I I - 2 be c ome s 

II -3  

T t  i s  apparent  from E q .  11-4 t h a t  t h e  e f f e c t i v e  c o l l i s i o n  frequency determinat ion 
would be i n  e r r o r  by a f a c t o r  of two i n  t h i s  case i f  t h e  e l e c t r o n  dens i ty  was not  
a.veraged over  t h e  c ros s  sec t ion .  When a Bessel func t ion  i s  used i n  p lace  of a 
parabol ic  d i s t r i b u t i o n  t h e  ind ica t ed  e r r o r  would be approximately a f a c t o r  of 
2 - 5  For t h e  determinat ion of e f f e c t i v e  c o l l i s i o n  frequency i n  t h i s  repoyt ( P i g ,  l i ; ,  
a parabol ic  d i s t r i b u t i o n  was assumed. 
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